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Textural and mineralogical variations within 33 shale samples were analyzed to provide 
a model for predication of hydrocarbon top-seal efficiency. Variation in mineral abundances in 
the subsurface influences petrophysical properties and other characteristics of hydrocarbon 
sealing sequences and reservoirs.  In geophysical well logs, various proxies, such as gamma ray 
emission and neutron absorption, are used to assess changes in mineral composition.  This 
study directly compares X-ray diffraction measurements of mineral percentages and 
geophysical responses from Middle Miocene cored intervals in the Santa Cruz Well; Mississippi 
Canyon block 519, Gulf of Mexico with those derived from well logging.  Distinct textural 
differences reveal characteristics that can be used to construct five unique microfacies. 
Microfacies Interpretation was based on SEM determination of clay/silt fraction ratio, 
sedimentary structures and XRD mineralogy content.  Shale types examined can be divided into 
5 microfacies: 1. Finely laminated clayshale; 2. Slightly silty clayshale; 3. Banded mudshale;  4. 
Slightly sandy mudstone; and 5. Moderately sandy and bedded siltstone. The respective shale 
microfacies 1 through 5 are a result of varied depositional environments and diagenetic 
processes produced in specific depositional frameworks and possess unique mineral contents.  
The depositional environment from each microfacies is as follows: Microfacies 1. Low Energy, 
Distal Hemipelagite; MF2: Distal turbidite; MF3: Proximal Hemi-Turbiditic (Banded); MF4: 
Poorly Sorted, High energy, Debrite; MF5: High Energy, Gravity Slump-Mass Transport Complex 
and Leveed Channel Complex.   Accessory mineral constituents discretely identified in individual 
microfacies provide an indication to seal quality based on inherent subsurface quantities 
including pyrite, siderite, and carbonate material.   Identification of successful sealing 





indication to possible prediction of seal quality based on inferred and actual parallels to 
previous seal efficiency studies by Dawson and Almon (2002,2006) and Bjǿrlykke et al. (2004, 
2008).  A successful seal should have high clay-mineral mean abundances, low amounts of silt, 
high to moderate bulk density and gamma-ray measurements, expandable clays and illite, 
relative high abundances of pyrite, siderite and carbonate material.  Alternatively, a less 
effective seal typically contains higher amounts of silt comparably, less mean abundance of 
clay, moderate to low bulk density and gamma ray readings.  MF1 and MF2 exhibit the best 
sealing potential whereas MF4 and MF5 contain less effective textural characteristics of a high 
quality seal.  Qualitative comparisons of summary statistics for distinctive parameters provide 
visual evidence of microfacies characteristics and variability.  Quantitative discrimination of 
individual microfacies results from varying quantitative mineral contents revealed by 
multivariate statistics yields a perfect distinction between microfacies end member MF1 and 
MF5.  A random forest classification separated microfacies perfectly and ranked variables 
according to influence on classification of the viable characteristics necessary to determine 
predictive properties of successful sealing microfacies from lab derived mineral constituents 





CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 
1.1 Definition of a Seal 
As the pursuit for undiscovered hydrocarbon accumulations intensifies so does the 
exploration for raw, untapped potential in once disregarded and technologically inconceivable 
basins.  The conventional sandstone reservoir as the primary exploration target is no longer the 
driving force.  Shales have begun to emerge as significant features of petroleum systems.  Fine 
grained lithofacies are ubiquitous throughout the evolution of a sedimentary basin.  Shales 
represent nearly 75 vol% of sedimentary basins and overlie the majority of petroleum 
reservoirs (Mondol, 2007).  Shale seals provide traps for hydrocarbon migration and are vital 
components in revaluating the productivity of a reservoir.  Investigations into the sealing 
capacity of marine shale sequences based on mineralogy and texture as a product of 
depositional environment has been minimal in relation to its importance.  Considerable 
research is lacking within this geologic realm, especially in the area of shale seal predictability 
and its spatial variance throughout a petroleum system.  Although, other means of trapping 
mechanisms for migrating hydrocarbons are sufficient whether they be structural or 
stratigraphic; emphasis is focusing primarily on a shale’s role within a petroleum system and its 
ability to impede the flow of developing oil and gas deposits.  Sealing sequences can simply be 
regarded as a masses of rock that are capable of efficiently retarding the migration of fluids 
(Couples, 2005).  This concept, fairly basic indeed, can be thought of more as a primordial 
explanation rather than a prediction of the success of a probable seal due to its dependence 
upon other rock-associated factors.  Effective seals for hydrocarbon accumulations are 





pressures (Downey, 1984).  Mechanically, a seal must contain a greater acting compressive 
force coupled with the appropriate area necessary to displace and overcome the established 
buoyancy of the accumulated hydrocarbon deposit (Showalter, 1979, Kaldi and Atkinson, 1997).  
This will require the potential sealing body of rock to have a greater displacement pressure 
than that of the hydrocarbon column.  Intrinsic geophysical properties of sealing are a genetic 
product of depositional environment, mineralogical abundances and diagenetic alterations.  
Fracture-free, undeformed shales sealing ability is controlled by its pore throat diameter and 
distribution (Almon and Thomas, 1991) and the proportional leakage of petroleum through a 
body of rock is a function of producible permeability (effective porosity; Aplin and Larter, 2005).  
The success of a cap rock is measured by the seal quality which is usually quantified using the 
entry capillary pressure to mercury (Krushin, 1997).       
1.2 Mudstone Variability (Depositional Environment) 
Identification of internal components of successful sealing intervals is vital in 
determination of seal quality.  Fabric and textural complexity associated with seals (Figure 1) 
can be related to depositional environment and diagenetic alteration (Shieber, 1999).  
Traditional wisdom considers mudstones as homogenous lithologies however mudstone is a 
complex mixture of clay, calcite, detrital quartz, clastic feldspars, and micas.  Clay minerals are 
the most important constituents of mudstones in determining their degree of resistance and/or 
favorability for compaction.  Internal structural components variations may also control 
mechanisms for effective sealing capacity within a shale sequence.  Clay mineral distribution is 
a product of depositional environment; whether the clay is distal (fine-grained) from a clastic 





constituents (Figure 1).  Shale properties could also be altered by post-depositional, diagenetic 
processes.  Mudstone mineralogical composition provides a fundamental link to its intrinsic 
petrophysical properties i.e. (velocity, density, resistivity etc.).  Shales contain heterogeneous 
clay mineral compositions but distinct clay species may vary as a function of provenance and 
transportation creating unique facies and textures (Weaver, 1989).   Kaolinite on one end of the 
clay spectrum is coarse-grained clay that will flocculate early and settle in proximal facies.  
Conversely, smectite is fine-grained clay settling later in the sedimentation process and will 
most likely form in a distal facies further away from the source.  The most common types of 
shale sequences formed within a sedimentary basin (Figure 2) are dense, laminated, 
hemipelagic shales (basal, low sedimentation, high abundance low diversity pelagic deposits), 
randomly ordered turbidites (gravity driven slope suspension flows) and debrite flows 
(erosional mass-transport complex).  Geologic occurrence is controlled by eustatic sea level 
fluctuations and consequently sequence stratigraphic positioning directly impacts depositional 
systems.  In a transgressive systems tract, deltas will subside and retreat landward, minimizing 
the sediment supply but expanding the zone for hemipelagic condensed shale sections.  On the 
other hand, in a regressive systems tract deltas prograde basinward and increase the sediment 
to the deep basin minimizing the zone for dense hemipelagic shales, but alternatively increase 
the occurrences of turbiditic/debritic associated flows.  These deep marine shale sequences are 
a consequence of the aforementioned geological scenarios that can impact mudstone 
mineralogy illustrated in Figure 1 and Figure 2.  Environmental chemical conditions at the time 
of deposition will also have a direct impact on mudstone heterogeneity.  Oxic environments will 





diminish seal quality (Dawson, 2005).  Anoxic conditions produce barren uninhabitable zones 
that are free of organic activity. 
1.3 Mineralogy 
Distinct shale facies contain distinguishing mineralogical assemblages, particularly 
differing abundances of clay and silt.  The clay/silt ratio is a direct product of depositional 
setting and directly affects petrophysical properties, such as density.  Smectite and kaolinite lie 
on opposite ends of the clay spectrum with respect to surface area and grain size (Meade, 
1963).  Smectite has the highest porosity but the lowest permeability whereas kaolinite has the 
highest permeability but the lowest porosity.  This could be a clue to why smectite has a greater 
resistance to compaction because with high permeability and bound water, internal pressure is 
acting against the overburden stress, a means of counter stress.  Also smectites have few 
pathways for fluid escape because of their very low permeability, thus explaining why it is more 
resistive to compaction processes.  Mudstones experience compaction on two different levels 
according to subsurface depth and temperature;  1. Mechanical compaction is prolific within 2-
4 km depth and is a product of overburden stress (geothermal gradient dependent), and  2. The 
onset of chemical compaction occurs at temperatures greater than 80°C regardless of 
subsurface depth and controls mineralogical alteration (precipitation and dissolution).   The 
digenetic processes that occur throughout the burial history and thermal evolution of a 
sedimentary basin will have a significant impact on mudstones mineralogy and their ability to 







Sealing lithologies contain physical and elastic properties essential to high quality seal 
potential that can be observed on well logs.  Geophysical responses are governed by subsurface 
mineralogical variations controlled by a shales unique depositional history and diagenetic 
modifications.  As stated by Bjǿrlykke, (2008) a trend is apparent in high smectite abundance 
and high neutron porosity and permeability and porosity have an essential effect on a 
mudstones ability to seal. Smectite to Illite conversion is a product of chemical compaction 
according to this formula: 
Smectite+K+AL Illite + SiO2 (Quartz) + H20 
Silica is released to form quartz cements which will alter rocks petrophysical properties (i.e. 
velocity and density).  H2O released and the reduced NaCl (brine) content of the bound water 
produced as a result of this reaction can influence a mudstones conductivity and resistivity 
(Mondol, 2007).  Chemical Compaction can also affect the other associated minerals within 
shale such as the dissolution of K-feldspars will release potassium among other radioactive 
minerals i.e. (thorium and uranium) having a positive effect on gamma ray response.   
1.5 Statement of Problem 
In previous studies (Schowalter 1979, Downey 1984, Kaldi and Atkinson 1994, 1997; 
Alpin and Larter 2005, Dawson and Almon 2002, 2005, 2008) the sealing capacities of shale 
sequences have been evaluated on a macro scale, but none have correlated these distinct 
parameters based on mineralogy, depositional environment, and petrophysical properties.  This 





and petrophysical properties and will provide evidence to determine which characteristics are 
most important in controlling the effectiveness of a particular microfacies as a seal.  One major 
goal is to determine whether empirical relationships can be established to predict facies 
classification and their effectiveness as seals within a petroleum system. The results may also 
be useful in predicting seal occurrence from well log data.  This hybrid study elaborates upon 
previous studies, developing the necessary ingredients of a successful mudstone seal in the 
deepwater Gulf of Mexico and to establish correlation among three broad but highly important 









Figure 1. Modified from Schieber (1999):  Diagram displays classic deltaic system model containing rock 
heterogeneity in distinct depositional zones.  Mineralogical changes occur as distance increases from the 
sediment source (        ) 
Figure 2. Modified from Galloway (1998): A close up view of sedimentary events occurring on slope and 





CHAPTER 2. LOCATION AND DEPOSITIONAL HISTORY/BACKGROUND GEOLOGY 
2.1 Location 
The Noble Santa Cruz Prospect is located in Mississippi Canyon block 519 and lies in 
approximately 2,170 meters of water at a subsurface depth of ~ 6,250 meters measured depth 
(MD), pictured below in Figure 3.  The Prospect is contained in an approximate 19 meters thick 
sandstone unit of middle Miocene age and is vertically capped by ~ 100 meters of a marine 
shale sequence.  The reservoir is also underlain by another distinct marine shale sequence.  
Noble Energy conventionally cored a large section containing both the reservoirs and the two 
shale sequences lying above and below it.  The cored interval starts at a measured depth of 
approximately 6,260 meters and terminates at a measured depth of ~6,284 meters. 
 
 
Figure 3: Location Map of Santa Cruz Well; Mississippi Canyon block 519, Gulf of 
Mexico. Picture taken from Mineral Management Service Gulf of Mexico Lease 






2.2 Northeastern GOM History 
 
In the stratigraphic correlation chart (Galloway et al., 2005) of the Gulf of Mexico (GOM) basin, 
Middle Miocene (MM) depositional episode commences during a transgressive systems tract 
immediately following the maximum highstand flooding event Amphistegina B (15.5 Ma) and is 
bounded vertically by the regional flooding event associated with the benthic foram Textularia 
W (12.2 Ma), lasting approximately 3.3 Ma (Galloway et al., 2000).  A regional overview of the 
MM Gulf of Mexico GOM depositional sequence is chronicled in detail by Galloway et al., 2005, 
2000.  Locally, the Northeastern (NE) GOM inherited a particularly dynamic sediment supply 
system within a highly active tectonic regime. The NE GOM contained two sediment 
depositional sources, the ancestral Mississippi and Tennessee Rivers, supplying sediment onto 
the unstable basin floor.  Halokinesis provided the primary driving force activating evolving 
architectonics of the GOM basin beginning with Jurassic autochthonous active salt movement 
followed by Cenozoic allochthonous passive salt withdrawal.  Three structural provinces can be 
delineated within the NE GOM: The western, central, and eastern structural regimes, as 
outlined by Galloway et al. 2005.  This study is focused within the eastern structural regime and 
will be discussed within a further detailed framework.  Following a period of structural 
quiescence and continental margin progradation, high frequency sea level fall accompanied by 
diminishing accommodation space caused a relocation of deltaic depocenters forming the 
complex delta-linked, submarine fan system known as the MCAVLU (Mississippi Canyon, 
Atwater Valley, and Lund).  This sediment dispersal system supplied the base of slope and basin 





2.3 Northeastern GOM Sediment Supply 
 Sediment was delivered to MM depocenters by two complex fluvial-deltaic systems 
(Paleo Mississippi and Tennessee) sourced internally from the hinterland.  The origin of the 
ancestral Mississippi drainage basin is concurrent with the gradual reactivation of the uplifted 
central and southern Rockies (Galloway et al., 2005).  The emergence of the paleo-Tennessee 
fluvial complex (often referred to as the Eastern Mississippi fluvial-deltaic axis) as a major 
dispersal system is sourced from the Cumberland Plateau and southern Appalachian uplands 
(Galloway et al., 2005). The extrabasinal fluvial systems were the major suppliers of detrital 
sediments to the north-central and Northeastern GOM during the MM.   Each amalgamated 
depositional system garnished the shelf with clastic, deltaic deposits while delta-fed distal 
siliciclastic apron lobe accumulations occurred on the shelf margin, slope, and base of slope. 
Heterolithic mass transport systems fed the relatively starved basin floor via hyperpycnal fan 
systems and incised channel-levee complexes.  Immediately adjacent to volatile Mississippi and 
Tennessee deltaic depocenters were wave-dominated delta shelf shore zones.   
2.4 Regional Salt Tectonics 
Seafloor spreading ceased in the GOM basin but it continued to subside as the crust 
continued to cool while sediments were accumulating during the middle Cretaceous (Pilger et 
al., 1980).  Although, much of the divergent boundary basin subsidence ceased by Tertiary time 
(Buffler, 1991).  Structural deformation of the GOM basin was mainly due to extensional and 
rollover faulting enhanced by salt movement.  The structural regimes (east, central, and west) 
of the Northeastern GOM were heavily influenced by salt tectonics and salt movement.   In 





the regional salt tectonics is essential.   Salt tectonics is a crucial factor in determining the 
chronologic and aerial distribution of the MM sediments in the Northeastern GOM (Galloway et 
al., 2005).  The autochthonous Louann salt (Jurassic) was deposited in evaporative mini-basins 
due to the graben features and block faulting of the rifting basin.  Associated extensional 
faulting coupled with subsidence of the newly formed GOM basin provided ample, depositional 
accommodation space during the middle Jurassic period.  The newly formed basement salt 
layer underwent shelf evacuation and basinward relocation (translation) due to the onset of 
coeval gravity gliding and overburden compressional subsidence events.  Increasing basinward 
tilt due to rapid thermal subsidence generated coalesced gravity gliding episodes during the 
drifting phase of the basin (Galloway et al., 2005).  Overburden differential sediment loading 
(overburden stress) was equally influential during Louann Salt withdrawal.  Progradational, 
offlaping clastic, sigmoid-shaped sequences from the Florida slope province resulted in shelf 
salt evacuation and base of slope/abyssal plain salt augmentation, creating basin floor salt 
massifs.  Consequently, the distal salt inflation spawned a basinward, downdip compressional 
event of succeeding folds instigating the incipient Mississippi Fan Fold belt.  The comparatively 
lower density Louann salt canopy produced salt massifs, forming the precursory architecture of 
the yet to be deposited Cenozoic strata.  Widowed, previously vacant salt structures had a 
significant influence on the spatial distribution of the MM primary minibasins forming a vast 
framework of depositional compartments during the MM depisode. (Galloway et al., 2005) 
2.5 Formation of the MCAVLU Submarine Fan System 
Subsequent to peak Neogene warming in the late-early Miocene (~16 Ma) a climatic 





frequency sea level fluctuations due to significant growth of the East Antarctic Ice Sheet (Flower 
et al., 1994).  Before margin outbuilding was locally and shortly interrupted by hypersubsidence 
from salt withdrawal and resulting slope mass wasting, a period of active sediment loading fed 
the offlaping terrigneous clastic progradational margin (Galloway et al., 2000). Thus, offlaping 
processes move progradational onlaping facies basinward.  The Amphistegina B Shale 
condensed section was deposited during a third order transgressive highstand systems tract 
(HST) representing the beginning of the MM depisode.  Immediately following the maximum 
flooding surface, a relative sea level fall (Regression) commences and a basinward succession of 
fluvial systems encroaches upon shelf and slope deposits.  The Tennessee Fluvial System along 
with the Mississippi shifted west along strike caused by the aforementioned local relative sea 
level fall, subsidence, and decreasing accommodation space.  The Tennessee fluvial-deltaic 
complex now occupied the paleo-Mississippi deltaic axis.  As top set beds continue to thin 
during the formation of the offlaping progradational clastic margin the newly displaced 
Tennessee sediment incises previous structures causing sediment bypass onto the basin floor.  
The retreat of the deltas (Mississippi and Tennessee) along with macroscale sediment bypass 
across the retrogradational shelf margin funneled sediment from the proximal delta shelf into a 
distal channel-levee submarine fan sediment supply system (MCAVLU) onto the eastern 
structural regime abyssal plain (Galloway et al., 2005). Formation of the MCAVLU abyssal plain 
sediment fan system advances the deposition of heterolithic deposits and associated mass 
transport/mass wasting events sourced from the delta forming lobed deposits onto the basin 
floor (Galloway, 2005).  The MCAVLU is the primary supplier of reservoir quality sand bodies 





during the MM.  As interpreted by core examination, the reservoir areas of our study are distal, 
proximal, and abandoned deltaic lobes consisting of heteroltihic facies of laminated mudstone, 
turbidites, and sheet and channel sands.  The sealing sequences capping reservoirs were 




Gamma Ray Resistivity 
Figure 4:  Noble Santa Cruz Gamma Ray/Resistivity Log;           Blue lines represent 






CHAPTER 3. METHODS: MUDSTONE COMPOSITION AND FABRIC 
3.1 Core Description and Sampling 
 
This study focuses on the mineralogy and petrography of middle Miocene argillaceous 
samples from the deepwater Northeastern GOM.  Sample locations are represented on well log 
in measured depth intervals, pictured in Figure 4.  Sedimentological studies have been 
conducted on older GOM shale facies (Dawson and Almon et al., 2005) however few have 
investigated Cenozoic age rocks.  Lithologic variability to be described of the cored interval is 
pictured below in Figure 5 and 6.  A conventionally cored section containing both the reservoirs 
and the two shale sequences lying above and below starting from a subsea depth of 
approximately 6,260 meters and terminating at a subsea (ss) depth ~6,284 meters (24 meters).  
The cored interval is the principal focus of this study.  Shaley samples were collected via plugs 
from the full core to examine localized microfacies within the sealing shale units.  Additional 
samples were sidewall cores taken from selected shale units above the lowest reservoir 
(Conventional Cored Section) in order to observe similar features throughout the basin.   A total 
of 35 samples (plugs and sidewall cores) were analyzed.  31 samples were taken directly from 
the core.  The cored interval can be broken into two distinct divisions the upper and lower shale 
sequence and contained within each division are subdivisions based on different observed 
microfacies.   
The upper shale sequence is a twenty foot interval beginning at 18,762 MD (Figure 5) 
and grades into a sandstone unit around 18,782 MD.  Four samples taken from 18,762-18,764.1 
MD are light gray, highly argillaceous, sandy siltstone with compacted and attenuated clay 





debrite.  The section from 18,764.1 MD to 18,778.3 MD contains 12 samples with various 
lithologic characteristics.  These samples are mostly characterized as medium gray, laminated 
silty claystone with thin to thick laminations of coarse siltstone, and fine-grained, slightly 
consolidated sandstones within.  Rare burrow traces and some load features were evident.  The 
next observed microfacies within the upper shale sequence is represented by one sample from 
18,778.3-18,780.15.  It is a series of thin to medium bedded sandstone, moderately 
consolidated, oil stained and normally graded from fine to very fine grained sandstone.  Detrital 
clay is concentrated near the tops of the sandstone beds and is interpreted as an irregular 
muddy sandstone debrite.  The last facies observed within the upper section contains one 
sample from 18,780-18,781 described as light gray, silty claystone, with thin laminae of coarse 
siltstone and accompanying load features. 
The Lower shale sequence is a 13.6 foot interval beginning at 18,837 MD and terminates 
at 18,850.6 MD (Figure 6).  Two samples taken from 18,836 to 18,838.5 were dark gray silty 
claystone with thin beds of light gray, coarse siltstone containing sparse burrows indicative of 
biogenic activity.   Five samples were collected from 18,838.5 to 18,844.2MD and contain 
heterolithic deposits and debrite flows of mixed loads.  They are primarily interbedded dark 
gray, silty, claystone and thin beds of light gray, normally graded sandstone and coarse siltstone 
with some interbedded argillaceous silt beds.   Mudstone and clays clasts were also noted.  The 
last microfacies observed is from 18,844.2 to 18,852.1 and 6 samples were collected from this 
interval.  They are dark gray, soft sediment with large floating claystone clasts.  This section is 





depositional systems exhibited within Santa Cruz Well complete with sidewall cores and 
conventionally cored intervals are displayed in Figure 7.    
3.2 Mineral Analysis Method 
3.2.1 Bulk Mineralogy Analysis (Whole Rock)  
The methods for the determination of clay mineral composition and whole rock 
mineralogy are identical to the procedures used by Ferrell and Dypvik (2009).  The complete 
plug samples and sidewall cores were divided into two representative halves.  One half was 
used for X-ray powder diffraction (XRD) analysis and the other half was used for scanning 
electron microscoopy (SEM) and petrographic analysis (which will be discussed later on).  The 
XRD portion was halved once more, and divided into two 3 cm diameter sized sections, one for 
clay sized particle extraction and the other for bulk mineralogy.  Each was gently crushed with a 
mortar and pestle to reduce particle size and to disaggregate the sample and further reduced in 
volume by splitting into a 1/8th representative portion weighing approximately 2 grams.  The 2 
gram dry sample was then micronized with 10 ml of ethanol for ~3 minutes reducing the 
particle size to 5µm or less (Ferrell and Dypvik, 2009).  Bulk mineral dried powders were packed 
into sample trays and inserted into a Siemens D5000 diffractometer in the reflection mode 
utilizing a Cu tube operated at 40 kV and 20 mA then systematically scanned at 2.0 s per 0.02° 
2Ѳ from 2° to 70° (Ferrell and Dypvik, 2009).  Mineral constituents were recognized in the 
diffractograms by d-spacings and peak intensities contained in the XRD mineral database of the 
MacDiff program (Petshcick, 1998).  The qualitative analysis routinely detects individual mineral 









Figure 6:   Bottom Shale core: Blue lines represent sampled intervals Core 
Photos Provided from Noble Energy, 2009 
 
Figure 5: (18763-18,782) Top Shale core: Blue lines represent sampled intervals 


























































Figure 7.  Gamma Ray, Resistivity, and Conductivity well log: displaying interpretation of depositional 
systems occurring with the Santa Cruz Well.  Red line overlying the gamma ray tract represents the 
sand/shale arbitrary cutoff line.  Everything to the left indicates sand (yellow boxes/black lettering) 
and to the right indicates mudstones (brown lettering).  Blue lines represent fining upward sequences 
(  ).  Blue Boxes represent sidewall and cored intervals (      ).   BFF= Basin Floor Fan, DL= Distal Lobe, 






3.2.2 Clay Mineral Composition  
The systematic procedures for clay mineral composition analysis in this study duplicated the 
techniques of Ferrell and Dypvik (2009).  The disaggregated 3 cm sized remaining core sample 
portion used for clay mineral composition was added to a plastic beaker, covered with sodium 
phosphate for approximately 3 hours, and stirred.  The clay sized particles (<2µm) were then 
extracted from solution by Stokes Law gravity-settling techniques based on grain particle 
density (Ferrell and Dypvik, 2009).  Once a sufficient amount of clay particles were “pulled” or 
extracted into separate containers, the clay suspension was concentrated via high-speed 
centrifugation to produce a clay paste on the bottom of the tube for further separation from 
solution.  Glass slides were then prepared by the smearing of clay size matter from cumulative 
fragmentation separation techniques to be analyzed in the reflection mode by XRD at 40 kV and 
30 mA over the 2Ѳ interval from 2° to 36° 2Ѳ (Ferrell and Dypvik, 2009).  Each sample was run 
under four different conditions to further amplify inherent clay mineral properties necessary 
for identification.   The four conditions were:  Air dried, Ethylene glycol saturated, heated to 
300°C, and heated to 550°C (Ferrell and Dypvik, 2009).  The diffraction patterns were 
interpreted by the MacDiff program.  In efforts to obtain more precise and consistent peak 
intensity estimates, a decomposition procedure was conducted to decrease overlapping peak 
interference from other materials and establish sharper, more defined peak contours (Forsman, 
2005).  Simulated diffraction patterns were employed to create a variety of chemical and 
structural components to attain a quantitative analysis of clay minerals present by comparing 
synthetic patterns to observed d-values.  The artificial idealized patterns were generated by the 





user-generated patterns to actual library patterns using a least squared method adjusting 
fractional multipliers in efforts to produce a best fit artificial pattern minimizing discrepancies 
between peak positions and intensities for a more perfect union. (Ferrell and Dypvik, 2009).  
Actual and artificial clay patterns were compared in the ethylene glycol-saturated states. 
3.3 SEM Procedure 
 Back Scattered Scanning Electron Microscope imaging (BSE) was undertaken to 
investigate chemical and mineralogical assemblages and fabric within cored samples.  Each 
specimen was categorized into microfacies based upon observable depositional features and 
obvious silt content and then further subdivided by distinct mineral constituents, clay/silt ratio, 
and depositional setting.  Preparation of each sample consisted of surface polishing and 
smoothing techniques.  A specimen was first cut to the appropriate size using a rock saw.  
Specimens were surface impregnated with epoxy, then left to cure underneath a heat lamp and 
smoothed and polished with a dry abrasive.  Water (H2O) was not used during the polishing 
portion of this experiment because of the swelling nature of smectitic components and other 
surface related problem associated with clay content.  The polishing was conducted with silicon 
carbide paper beginning with the greatest grit size at 220 and sequentially decreasing into finer 
grits at 400 and then 600.  Aluminum Oxide on paper was then used for an even a finer polish 
starting at 9 microns and decreasing to 5 microns and then to 1 micron abrasive.  Micro-
fractures were produced as a result of manual smoothing preparations and are evident in some 
micrographs.  The polished samples were wiped with isopropyl alcohol solution for surface 
cleaning purposes and then coated with a carbon micro-thin conductive film layer thwarting the 





analysis was conducted with a JEOL 8408 scanning-electron microscope accompanied with a 
Tracor Northern microtracer imaging analysis system.   The technique is similar to those 
employed by Nadeau and Hurst-1990 and Ferrell and Dypvik-2009.  
3.4 Statistical Analysis 
3.4.1 Decision Tree and Random Forest 
In order to classify independent and dependent variables into grouped populations, 
statistical analyses procedures are useful to determine whether a set of numerical values are 
effective in predicting categorical classification.  Application of statistics directly to mudstone 
mineralogy and other specimen attributes such as wire-line log derived measurements of 
resistivity and density facilitates the comparison of samples by assigning them to internally 
homogenous groups.  Separation of two populations is reliant on the ability of each population 
to be distinctly distinguished in order for discriminant function to serve its purpose (Ferrell et 
al., 1998).    Derived populations (Microfacies) for this study were established based on SEM 
analysis of mineralogical content and other unique depositional features and sequence 
stratigraphic position.  Unique mineral contents are primarily caused by grain sorting as a 
function of the prevailing energy in each microfacies within the mudstone unit.  In order for a 
discriminant analysis to function properly is dependent on variable in linear combination of 
others (Ferrell at al., 1998).  Classification of petrophysical properties ,log calculated mineral 
abundances , and lab measured mineral abundances into distinct microfacies groups will 
provide insight into how wire-line log data can be used to predict mineral content and to 
identify microfacies relevant to mudstone seal capacity.  Summary statistics were also 





with EXCEL.  Multivariate procedures, single decision tress and random forest (Freidman et al., 
2001, Breiman, 2001) analysis were performed with the assistance of Professor Brian Marx of 







CHAPTER 4. RESULTS: MICROFACIES IDENTIFICATION AND EXPLANATION 
4.1 Petrographic Microfacies Description 
Shale samples exhibit distinguishing petrographic features based on observable SEM 
characteristics and mineral constituents which establish membership in five distinct 
microfacies.   Shale classifications modeled after Krushin (1997) and the position of the 








4.1.1 Microfacies 1: Slightly Silty, Finely Laminated, Argillaceous Clayshale (Figure 9a and 
9b) 
  Petrographic examination of microfacies 1 reveals a slightly silty, finely-laminated, 
argillaceous, clayshale.  A densely-packed, interconnected, smectite/illite dominated clay matrix 
encases detrital, siliciclastic silt (quartz and feldspar) grains.  Scattered pyritic framboids 
comprising <2% and discrete foraminiferous nanofossils <2% are clearly visible indicating 
chemical conditions at time of deposition.  Microcrystalline, carbonate (dolomite, calcite, 






siderite) cement infill occurs in limited pores.  Deformed bioclasts are present in well 
compacted laminated fabric.  Sparse organic material is evident.  Microporosity is not clearly 
evident as microfacies 2 and 3.   Prevailing deepwater, hemipelagic (biogenic foraminiferous 
rain), basal clayshale (clay rich sediment) in a low energy environment mixed with a distal 
turbidite deposit providing an invasion of meager silt content.   
4.1.2 Microfacies 2: Slightly-Laminated, Slightly to Moderately Silty, Clayshale (Figure 
10a and 10b) 
Microfacies 2 consist of a slightly-laminated, slightly to moderately silty, clayshale.  
Detrital, illite-dominated, well-compacted, clay (dark colored) matrix envelops detrital, 
siliciclastic grains of angular quartz and feldspars (light gray colored, >25µm) randomly oriented 
throughout.  Black voids represent pore space that is commonly cluttered around silt grains as 
microporosity.  Trace amounts of carbonate material, presumably microcrystalline calcite can 
be seen petrographically occurring as bioclastic, reprecipitated intrapore cement.   Authigenic 
pyrite, composing <5%, is displayed as bright white framboids  randomly distributed 
heterogeneously within the matrix.  Heteroltihic distribution silt and clay deposit sourced from 
an updip erosional episode indicating (turbidite). 
4.1.3 Microfacies 3: Banded Laminated, Slightly Silty, Clayshale and Moderately Silty 
Bedded Mudshale (Figure 11a and 11b) 
 Shale samples of Microfacies 3 consistently exhibit an alternating banding of a 
laminated, slightly silty, clayshale transitioning into a moderately silty, bedded mudshale.  
Elongate grains are oriented parallel with bedding.  Petrographic examination reveals 
laminated, slightly to moderately silty, clayshale/mudshale microfacies grading from alternating 





contains detrital, illite, chlorite, ML chlorite/illite dominated, well-compacted, clay with 
localized clusters of angular detrital, siliciclastic quartz and feldspar grains heterogeneously 
dispersed throughout and scattered detrital chips of calcitic, bioclastic shell debris are 
apparent.  Localized silt rich pockets exhibit textural depositional rip-up clast geometry sourced 
from an associated updip erosional feature.  Rare pyritic framboids, fossil replacement , and 
pore filling structures exists (<5%) and authigenic phases of calcareous material are visible as 
well.  Little to no organic material is present.  Microporosity is not clearly evident.  Hemipelagic 
low energy basal clayshale disrupted by density laden episodic flows (banding) forming a 
hemiturbiditic texture.   
4.1.4 Microfacies 4: Slightly Sandy, Moderately to Abundantly Silty Mudstone (Figure 
12a and 12b) 
 Microfacies 4 contains a slightly sandy, moderately to abundantly silty mudstone.  
Clastic sand (>62µm) particles and angular siliciclastic (quartz and feldspars) detritus are 
surrounded within an interwoven canopy of mica rich clay size minerals.  Biogenic infill and 
framboidal pyrite appear throughout the sample comprising <5%.    Accessory amounts of 
calcitic bioclasts and distinct authigenic calcareous cements are noticeable.  Microporosity 
clustered around the edges of sand and silt grains is clearly evident.  Poorly sorted grains makes 
bedding hard to define.  Gravity laden debritic flows invade basal mudstones producing a 
poorly sorted randomly oriented microporous fabric.    
4.1.5 Microfacies 5: Moderately Sandy, Silt Rich, Well Bedded, Siltstone (Figure 13a and 
13b) 
 Microfacies 5 consist of moderately sandy, silt rich, well bedded, siltstone.  Grain 





bedding.  A dense clay matrix unevenly distributes silt to sand size siliciclastic, angular quartz 
and feldspars.  Mostly fine (100µm) to very coarse sized (500µm) sand particles float within a 
silt dominated matrix.  Associated silt-clay microporosity is evident at and around the edges of 
irregular shaped silt and sand grains.  Sparse fossils, organic material, and trace burrows disrupt 
the potential sealing fabric.  Minor amounts of pyritic framboids appear as randomly oriented 
discrete grains.  Trace amounts of biogenic calcareous nodules secondarily replaces fragments 
and infill pores.  An erosional high energy, turbiditic gravity slump deposits heterolithic, poorly 
sorted sand and silt mixing with a homogenous, low-energy, mudstone forming an 
amalgamated moderately sandy, silt rich, mudshale and Associated mudshale levee structures. 
4.2 XRD Whole Rock Sample Mineralogy  
4.2.1 Qualitative Whole Rock Sample Mineralogy  
 XRD patterns from Middle Miocene shale sequences located within the Santa Cruz 
prospect were combined into composite curves to illustrate whole rock sample mineral 
identification and facies variability.  Three representative diffractograms from each microfacies 
were summed to produce a mean profile plot.  They are displayed in a vertically stacked 
arrangement beginning with microfacies one and culminating with microfacies five in Figure 14.  
The generally similar appearance of the patterns suggests there are only minor differences in 
the quantities of the mineral present. 
Total Clay (TC) representing the collective clay species present in the bulk sample has a d 









Figure 9a and 9b↑: Microfacies 1: 6a. 17, 970 MD Foream=fossil, LAM=Laminations, CM=Clay Matrix, 
OM= Organic Matter; 6b. 18,773.9 MD PF=Pyritic Framboid.  
Figure 10a and 10b↑: Microfacies 2:  7a. 18, 768.4 MD PI=Pore Infill, PF= Pyritic Framboid, MF= 






































Figure 12a and 12b↑: Microfacies 4: 9a. 18,849.6 MD MP=Microporosity, Snd(QTZ)= Sand Size 
Quartz Grain, CC- Calcareous Cement; 8b. 18,844.4 MD 
Figure 11a and 11b↑: Microfacies 3: 8a.18, 842.6 MD SGs= Silt Grains; 8b. 18,767.5 MD 






















4.2 XRD Whole Rock Sample Mineralogy 
 
Quartz is another common constituent within the shales and has a d spacing of 4. 26Å 
(20.8°2Ѳ). Although, peak position is uniform throughout every microfacies, intensity is variable 
suggesting a change in detrital mineral abundance and coarse grain material.  Microfacies one 
has the lowest intensity quartz peak microfacies five has the highest representing a change in 
facies from a more distal depositional environment to a more proximal environment.  This 
distinction could be a defining characteristic amongst respective microfacies.  Members of the 
feldspar family are present and are most likely detrital in origin.  Relative abundance will be 
discussed later.  Peak position and d spacing are constant at ˜3.2Å (28°2Ѳ) with little change in 
intensity.  Several constituents of the carbonate group exist as calcite with a d spacing of 3.03Å 
(29.4°2Ѳ), dolomite at 2.89Å (30.8°2Ѳ), and siderite with a d spacing of 2.78Å (32.1°2Ѳ).  
Dolomite and siderite may be diagenetic.  Pyrite, another common diagenetic mineral is found 
within each microfacies with a d spacing ˜1.63Å (56.3°2Ѳ).  Pyrite formation provides useful 
evidence about oxygen conditions at time of deposition.  Gypsum at 7.6Å (11.6°2 Ѳ), and pyrite 
are variable throughout the microfacies.   
  
Figure 13a and 13b↑: Microfacies 5: 10a.18,847.6 MD PI=Pore Infill; 10b. 18,763.3MD 











4.2.2 Quantitative Whole-Rock Sample Mineral Analysis  
 Middle Miocene Shale samples have varying proportions of total clay, silt fraction 
(quartz+feldspars), carbonate fraction (dolomite+calcite+siderite), pyrite, and gypsum.  Mineral 
abundances differ amongst discrete microfacies enabling categorical separation.  Existing 
diversity allows microfacies to be inevitably distinguished by mineral quantities, creating 
another discernable membership associated variable.  The clay/silt ratio makes it easy to see 
relative changes and coarser material.  General trend displayed in Figure 15 were derived from 
mean mineral abundances to illustrate tendencies associated with the two variables.  Mineral 
abundances in the five microfacies are summarized in Table A.  Bulk sample weight percentages 
were derived by calculating each sample’s peak area value from the MacDiff analysis program 
Figure 14: Qualitative Whole-Rock Mineralogy; Total Clay=TC, GYP=Gypsum, 





and multiplying it by reference mineral intensity factors and finally normalizing the weight 
fractions to 100%.   Comparison of individual microfacies was performed using descriptive 
statistics box plot methods including the quartile 1, minimum, median, mean, maximum, and 
quartile 3 values and are displayed in Figures 16, 17, 18, and 19.  
Table A contains bulk mineral abundances from each quantifiable mineral (>.02 wt. %).  
As indicated by Figure 17 silt related peaks (quartz and feldspars) steadily increase in intensity 
which is directly correlated to increasing quantities of quartz and feldspars.  Silt content relative 
to clay content (Total Clay) is inversely related and a particularly important parameter.  The 
clay/silt ratio (Figure 15) generally decreases from microfacies 1 to microfacies 5.  Microfacies 1 
exhibits the highest mean total clay percentage of 72.3wt%, and the lowest mean total silt 
fraction of 21.9wt%, and a 3.9% clay/silt ratio.  Interestingly, MF2 has a greater ratio although 
MF1 contains the highest and lowest mean abundance of clay and silt.  Microfacies 2, 3, 4 and 5 
have a mean clay/silt ratio of 4.15, 3.15, 1.70, and 1.68.  The mean gypsum fraction decreases 
steadily with increasing MF number, barring microfacies 5.  Carbonate mineral abundances are 
greatest in MF1, MF3, and MF5, and the lowest values are contained in MF2 and MF4 and the 
distribution shows no apparent trend.  Pyrite mean values similarly display no consistent trend 
except for that the two end members MF1 and MF5 containing the highest mean weight 
percents 1.58 and 1.84, respectively.  These trends are visible in Figures 16, 17, 18, and 19.   
Figures 16, 17, 18, and 19 contain the summary statistics displayed in a box plot graph.  
These graphs show the distribution of values within each microfacies providing an indication to 







Total clay shows a generally decreasing trend with increasing microfacies number.  MF1 
has the highest mean abundance, but MF3 shows the greatest variability evident by its box 
length.  Silt shares an inverse relationship to clay exhibiting a generally increasing trend.  MF4 
and MF5 show the highest mean values of silt whereas MF1 and MF2 display the lowest mean 
values and MF3 and MF4 have the largest degree of variability.  Variability within carbonate 
values through all microfacies is greatest in MF3.  MF5 shows a slight degree of variability but it 
contains an outlying maximum value which can affect its results.  MF2 contains the least 
variable values and a mean abundance close to the lowest mean abundance of carbonate 
material of MF4.  Pyrite mean values do not coincide with its most varied microfacies.  MF1 
displays a higher mean abundance followed by MF5 and MF2; alternatively MF4 possesses the 
lowest mean values and MF5 is considered the most varied distribution.    
Outliers are recognizable within all whole-rock mineral abundances per microfacies, 
possibly skewing the results.  However, potentially important variables can be recognized 











Figure 15: Clay/Silt Ratio: the blue line represents a general decreasing ratio value from MF1 to 



















Peak Height % (Weight %) 
MF MD Sample # Total Clay Quartz Feld Calcite Dolomite Siderite Pyrite Gypsum Silt Carb 
1 17970 AH-26 79.77 13.51 1.19 1.67 0.00 3.13 0.69 0.05 14.70 4.79 
1 18006 AH-28 60.31 31.66 2.21 0.24 0.10 2.78 2.69 0.00 33.87 3.13 
1 18773.9 AH-06 76.82 14.60 2.52 1.30 0.29 3.07 1.36 0.04 17.12 4.66 
MF MD Sample # Total Clay Quartz Feld Calcite dolomite Siderite Pyrite Gypsum Silt Carb 
2 18768.4 AH-04 79.70 14.38 2.37 0.29 0.31 2.08 0.88 0.00 16.75 2.67 
2 18770.7 AH-12 80.31 14.38 1.51 0.66 0.08 1.78 1.29 0.00 15.89 2.51 
2 18775.6 AH-09 76.42 17.29 1.94 0.92 0.43 2.27 0.65 0.07 19.23 3.63 
2 18777.5 AH-02 73.20 20.97 2.11 0.43 0.31 1.77 1.21 0.00 23.08 2.50 
2 18781.75 AH-35 29.25 65.02 3.83 0.55 0.53 0.55 0.24 0.02 68.85 1.63 
2 18839.5 AH-10 81.71 9.45 3.49 0.58 0.29 3.14 1.35 0.00 12.93 4.01 
2 18843.6 AH-30 82.18 13.90 1.55 0.50 0.48 0.55 0.75 0.08 15.45 1.53 
MF MD Sample # Total Clay Quartz Feld Calcite dolomite Siderite Pyrite Gypsum Silt Carb 
3 17980 AH-33 76.27 16.77 1.42 0.10 0.06 1.82 3.46 0.10 18.19 1.97 
3 18764.5 AH-14 63.32 32.08 3.53 0.36 0.08 0.00 0.62 0.00 35.61 0.44 
3 18765.4 AH-19 49.76 32.54 3.52 10.05 0.65 2.48 1.00 0.00 36.05 13.18 
3 18767.5 AH-23 77.23 16.12 1.71 0.65 0.55 2.14 1.46 0.14 17.83 3.33 
3 18771.5 AH-22 77.65 14.85 2.23 0.89 0.27 3.54 0.49 0.08 17.08 4.70 
3 18772.5 AH-16 74.63 14.92 1.55 0.75 0.19 7.40 0.57 0.00 16.47 8.34 
3 18774.5 AH-05 77.40 16.21 2.24 0.30 0.31 2.26 1.21 0.06 18.46 2.88 
3 18776.5 AH-32 71.94 20.92 2.47 0.38 0.49 2.14 0.41 1.27 23.39 3.00 
3 18842.6 AH-07 23.19 69.16 4.42 1.53 0.59 0.11 1.00 0.00 73.58 2.23 
MF MD Sample # Total Clay Quartz Feld Calcite dolomite Siderite Pyrite Gypsum Silt Carb 
4 18762 AH-29 64.70 29.21 2.86 0.25 0.05 1.88 1.03 0.02 32.07 2.18 
4 18780 AH-34 40.79 53.71 3.08 1.26 0.21 0.16 0.72 0.07 56.79 1.63 
4 18838.6 AH-21 67.77 26.40 2.93 0.43 0.00 1.86 0.54 0.06 29.33 2.29 
4 18844.4 AH-20 68.78 21.05 2.18 3.59 0.79 1.32 0.99 1.30 23.22 5.70 
4 18849.6 AH-13 50.24 46.00 2.57 0.48 0.07 0.00 0.62 0.03 48.57 0.55 
4 18850.6 AH-31 51.07 42.18 2.27 0.04 0.35 2.42 0.41 1.25 44.45 2.81 
MF MD Sample # Total Clay Quartz Feld Calcite dolomite Siderite Pyrite Gypsum Silt Carb 
5 18230 AH-25 53.44 33.68 1.76 0.17 0.57 1.15 9.12 0.10 35.45 1.89 
5 18763.3 AH-18 61.73 34.14 2.13 0.60 0.13 1.16 0.00 0.12 36.27 1.89 
5 18763.5 AH-03 64.95 30.27 1.89 1.24 0.09 1.00 0.52 0.04 32.16 2.34 
5 18763.8 AH-17 60.83 34.24 2.01 0.94 0.13 1.13 0.62 0.09 36.25 2.21 
5 18841.6 AH-15 36.38 44.23 2.80 12.84 0.14 1.09 1.13 1.38 47.03 14.08 
5 18845.6 AH-11 52.83 42.13 2.12 0.63 0.15 1.08 1.06 0.00 44.24 1.87 
5 18847.6 AH-08 67.75 26.42 1.96 0.58 0.66 1.41 1.21 0.00 28.38 2.65 
5 18848.6 AH-24 65.48 27.66 2.52 1.47 0.13 1.52 1.08 0.14 30.18 3.12 
  
 
Table A: Quantitative Whole-Rock Mineralogy Abundances per sample: MF= Microfacies, MD=Measured 





General mean abundance is an indication to impact on potential sealing fabric, the greater the 













































Figure 16: Whole Rock Sample Mineralogy Total Clay Distribution per 
Microfacies (Weight %); Q1= Quartile 1, Q3=Quartile 3; 
MF=Microfacies. 
Figure 17: Whole Rock Sample Mineralogy Silt Distribution per 
















































Figure 18: Whole Rock Sample Mineralogy Carbonate Distribution per 
Microfacies (Weight %); Q1= Quartile 1, Q3=Quartile 3; 
MF=Microfacies. 
Figure 19: Whole Rock Sample Mineralogy Pyrite Distribution per 






4.3 Clay Mineralogy 
4.3.1 Qualitative Clay Mineralogy 
Figure 20 contains a composite pattern of selected samples from each microfacies of the 
air-dried (AD), ethylene glycol (EG), 300oC heated (H) and 550oC heated (T) treatments.   
Changes in peak positions and intensities establish the identity of the clay minerals present in 
the Santa Cruz well samples. The presence of fully expandable smectite and mixed layered 
smectite varieties is indicated by the  broad band in the 6-9o2Θ  (15-12Å) region (AD) that 
expands to around 5 o2Θ (17Å) in the EG treatment, that collapses to 8.8 o2Θ (10A) after 
heating. The 001 14A chlorite peak in the H treatment migrates to 13.8Å when heated at 550oC 
(T). Other chlorite and kaolinite peaks disappear when heated (T). The presence of kaolinite 
with chlorite is indicated by the overlapping K002 and Ch004 peaks occurring near 25 o2Θ 
(~3.5Å).  Chlorite slightly shifts to ˜13.8Å following the final heat treatment and also its 
subsequent 003 ordered peak occurs in assemblage with quartz at 3.4Å.  The 001 ordered 10A 
and 002 ordered 5A peaks confirm the presence of illite. The presence of clay-sized quartz is 
indicated by the small peak at 4.26A in all patterns. Further details of the clays present based 
on XRD pattern simulations are presented in the quantitative analysis section. 
Composite XRD patterns of the EG treated samples from each microfacies are presented 
in Figure 21. They are almost identical thus confirming the overall similarity of the clays in each 
microfacies. Only minor differences were detected in the region from 4 to 8 degrees where 








Figure 20: Qualitative Clay Mineralogy: Composite Patterns of select patterns from each MF 
averaged together; EXP LAY=Expandable Layers, CHLOR-Chlorite, ILL=Illite, KAO=Kaolinite, 
QTZ-Quartz; AD=Air dried, EG=Ethylene Glycol, H=300°C, T=550°C, Å=Angstroms. 
Figure 21: Qualitative Clay Mineral Analysis: 1 representative EG (Ethylene Glycol) sample 
per microfacies was used; EXP-LAY= Expandable clay minerals, ILL=Illite, KAO=Kaolinite, 





4.3.2 Quantitative Clay Mineralogy 
 The parameter used to calculate the synthetic XRD patterns used in this analysis are 
listed in Table B.  Calculated clay mineral weight percentages are arranged according to 
microfacies association in Table C.  The values representing quantities in the whole sample 
were obtained by multiplying the Clay ++ weight % by the weight fraction of total clay.  RR is a 
fit index assessing the quality of fit assessing the quality of fit of the actual and calculated XRD 
profiles.   RR values vary from maximum of 0.029, to a minimum of 0.012, with a mean of 0.017 
within all microfacies.  Values generated within this range are deemed a good and viable fit.  
Results are graphically displayed within a histogram and box plots to further visualize the clay 
mineral variability among the microfacies.   The clay species present within the entire study 
area are:  Mica K-depleted (Illite1), chlorite60/illite40 (R=0) (chl/ill1), Trichlorite (chlorite1), Mica 
(illite2), Trichlorite Fe-K depleted, amorphous material (amorph),  Glauconite (glauc), Kaolinite 
(kao-Real1),  Kaolinte50/Chlorite50 (R=0) (kao/chl), Glauconite70/chlorite30 (R=0) (glauc/chl), 
Quartz (qtz-real), Smectite90/illite10 (R=0) (smect/ill1), Smectite90/illite10 (R=0) (smect/ill1) , 
Dismectite (smect1), Illite70/Nontronite30 (R=0) (mica/nont).  
Figure 22 represents the mean abundances of each clay mineral species in all 
microfacies presented in a histogram plot.  Mineral distribution within respective groups could 
likely be valuable in establishing identification of microfacies. 
The two most abundant minerals in MF 1 are illite70/Nontronite30 (R=0) (mica/nont) and 
Kaolinte50/Chlorite50 (R=0) (kao/chl) with weight percentages of 20.5 and 12.2, respectively.  





mean abundances are <1.0  weight percent (trace amounts).  The other mineral abundances 
vary between 6.4% and 2.2%. 
MF 2 contains two clay-sized minerals with relatively high weight percentage 
abundances of 10.38% for kaolinite (kao-Real2) and 10.25% for Mica (illite2).  Minor 
constituents (trace amounts) are chlorite60/illite40 (R=0) (chl/ill1) and smectite90/illite10 (R=0) 
(smect/ill1) representing mean abundances of 0.95% and 0%, respectively.  The other mineral 
abundances vary between 8.25%.and 1.32%.   
The two most abundant minerals in MF 3 are illite70/notronite30 (R=0) (mica/nont) and 
Mica (illite2) with weight percentages of 13.44 and 9.06, respectively.  Kaolinite (kao-Real1) and 
/illite10 (R=0) (smect/ill1) mean abundances are minor constituents.  The other mineral 
abundances vary between 1.2% and 8.14%. 
The most abundant minerals in MF4 are (11.32%) illite70/Nontronite30 (R=0) (mica/nont) 
and (7.13%) for Kaolinte50/Chlorite50 (R=0) (kao/chl).  Minor constituents are chlorite60/illite40 
(R=0) (chl/ill1), Kaolinite (kao-real1), smectite90/illite10 (R=0) (smect/ill1), and Pure smectite 
(smect1).  The other mineral abundances vary between 1.35% and 7.26%.   
The two most abundant mineral in MF 5 are illite70/Nontronite30 (R=0) (mica/nont) and 
Kaolinte50/Chlorite50 (R=0) (kao/chl) with weight percentages of 13.9 and 7.13, respectively.  
smectite90/illite10 (R=0) (smect/ill1), Trichlorite( chlorite1), chlorite60/illite40 (R=0) (chl/ill1)mean 
abundances are <1.0  weight percent (trace amounts).  The other mineral abundances vary 





Each boxplot exhibits the maximum (    ) and minimum (    ) quantity detected and the 
median (   ).  The rectangular box encloses all values between quartile 1(    ) (base of figure) and 
quartile 3 (*)   (top of figure).  Microfacies 1 through 5 are displayed in figure 23 through 27 
showing clay mineral distribution within each microfacies.  The height of the rectangle 
increases as the variability of the results increases.  An indication of the range in composition of 
the microfacies is apparent in the maximum and minimum values plotted in the figures.  Illite1, 
chl/ill1, chlorite1, chlorite2, amorphous material, Kao-Real1, qtx-real, and smect1 are the least 
abundant clay constituents in the microfacies and offer little opportunity for distinguishing 
them.  The most abundant clay in all microfacies is mica/mont.  The minimum, maximum, and 
median values for this variable are highest in microfacies 1 and lowest in microfacies 2.  The 
data are fairly well scattered suggesting a wide range of abundance in the samples.  Mean 
values for Kao/Chl are highest in microfacies 1 but the range in we% is large.  The more 
abundant minerals include illite 2, glauc, Kao-Real2, and glauc/chl.  From al mineral data it 
appears that microfacies 1 is characterized by a singularly high quality of mica/mont with 
Kao/Chl second in abundance.  Similar relative abundance comparisons may be constructed for 
the other microfacies.  One can indentify potentially important variables but they cannot be 
ranked according to the importance in the classification of the microfacies.   
4.4 Log Parameter Results 
Log measurements recorded throughout the sampled intervals were extracted and 
analyzed to determine potential facies dependent variability.  Measured properties included: 
























































Figure 22: Microfacies Quantitative Clay Species Mean Values Distribution: Refer to Table E 
for definition of each clay species present. 
Figure 23: Microfacies 1 Box Plot: q1=Quartile 1, min=Minimum, max=maximum, 


































































Figure 24: Microfacies 2 Box Plot: q1=Quartile 1, min=Minimum, max=maximum, 
q3=Quartile3.  Mica/nont=most abundant, chl/ill1, kao-Real1, and smect/ill1 = least 
abundant. 
Figure 25: Microfacies 3 Box Plot: q1=Quartile 1, min=Minimum, max=maximum, 



































































Figure 26: Microfacies 3 Box Plot: q1=Quartile 1, min=Minimum, max=maximum, 
q3=Quartile3.  Mica/nont=most abundant, chl/ill1, kao-Real1, and smect/ill1 = least 
abundant. 
Figure 27: Microfacies 3 Box Plot: q1=Quartile 1, min=Minimum, max=maximum, 









XRD File Name Mineral Simulated Files Parameters  
illite1 Mica-K (K-depleted) 
Pure Dimica: Fe = 0.20, K = 0.50.  Quartz Reference: 
6000; Defect Broadening; Mean Defect-Free Distance = 
2; Low N=25; High N=45. 
chl/ill1 Trioctahedral Chlorite (0.60), Mica-Fe [Fe Poor] (0.40) 
60% Trichlorite: Fe = 0, Hydroxide Fe = 0, Hydroxide 
Layer =  0; Dimica: Fe=0, K=0.9.  Mean Defect-Free 
Distance=3; Low N=4; High N=24 
chlorite1 Trioctahedral Chlorite 
Pure Trichlorite: 2:1 Fe = 0.50, Hydroxide Fe = 1.00, 
Hydroxide Layer =  1.  Defect Broadening; Mean Defect 
Free-Free Distance = 2; Low N = 3; High N = 20 
illite2 Mica 
Pure DiMica: Fe = 0.30, K = 0.70.  Defect Broadening; 
Mean Defect-Free Distance = 2; Low N = 25; High N = 
45 
chlorite2 Trioctahedral Chlorite -Fe-K (Fe and K depleted) 
Pure Trichlorite: 2:1 Fe = 0.00, Hydroxide Fe = 0.00, 
Hydroxide Layer =  1.  Defect Broadening; Mean 
Defect-Free Distance = 4; Low N = 25; High N = 45 
amorph Amorphous Material Glass Slide Pattern 
Glauc Glauconite Glauconite: Fe = 1.00, K = 1.00.  Defect Broadening; Mean Defect-Free Distance =3; Low N= 6; High N=24 
kao-Real1 Kaolinite Actual XRD Pattern 
kao-Real2 Kaolinite Actual XRD Pattern 
kao/Chl Kaolinite (0.50), Trioctahedral Chlorite (0.50) 
Kaolinite: Fixed Composition; Pure Trichlorite: 2:1 Fe = 
1.00, Hydroxide Fe = 1.00, Hydroxide Layer =  1.  
Defect Broadening; Defect Mean-Free Distance = 2; 
Low N = 6; High N = 12 
glauc/chl 
Glauconite (Fe and K Rich) 
(0.70), Trioctahdral 
Chlorite(0.30) 
Glauconite: Fe = 1.00, K = 0.90; Pure Trichlorite: Fe = 
1.00, Hydroxide Fe = 1.00, Hydroxide Layer =  1.  
Defect Mean-Free Distance = 2; Low N = 10; High N = 
12 
qtx-real Quartz Actual XRD Pattern 
smect/ill1 Dismectite (0.90), Mica (0.10) 
0.90 2GLY-Dismectite:  Fe = 0.10, 0.10 Pure Mica: Fe = 
0.10, K = 1.00. Defect Broadening; Defect Mean-Free 
Distance = 3; Low N = 3; High N = 6 
smect1 Dismectite Pure 2GLY-Dismectite: Fe = 0.10. Defect Broadening = 3, Low N=3; High N=6 
nont/mica Mica (0.70), Nontronite (0.30) 
0.30 2GLY-Nontronite  Fe = 0.90; 0.70 Pure Mica: Fe = 
0.90, K = 0.90. Defect Broadening; Defect Mean-Free 
Distance = 2; Low N = 8; High N = 14 





MF MD Sample # illite1 chl/ill1 chlorite1 illite2 chlorite2 amorph illite3 kao-Real kao-Real kao/Chl chl/ill2 qtx-real smect/ill1 smect1 smect/ill2 RR Total 
1 17970 AH-26 3.19 0.80 0.80 6.46 3.19 4.07 4.87 0.00 4.87 12.92 2.39 3.19 0.80 7.26 24.97 0.02 1.98 
1 18006 AH-28 3.38 0.66 3.38 5.43 1.33 2.05 3.38 0.66 8.14 10.86 6.09 2.05 0.00 0.66 12.18 0.02 1.78 
1 18773.5 AH-06 3.38 0.69 2.69 7.38 2.00 2.69 8.76 0.69 4.69 12.83 2.69 2.00 0.00 9.68 24.28 0.01 2.28 
MF MD Sample # illite1 chl/ill1 chlorite1 illite2 chlorite2 amorph illite3 kao-Real kao-Real kao/Chl chl/ill2 qtx-real smect/ill1 smect1 smect/ill2 RR Total 
2 18768.4 AH-04 2.71 1.35 0.72 10.92 4.06 2.71 10.92 2.07 5.42 10.20 5.42 0.72 0.00 5.42 17.05 0.02 2.34 
2 18770.7 AH-12 3.29 0.80 2.49 12.29 4.90 4.10 2.49 0.80 7.39 11.48 5.70 1.61 0.00 4.10 16.38 0.01 1.96 
2 18775.6 AH-09 3.90 0.99 3.90 11.62 2.90 3.90 5.81 1.91 7.72 10.62 2.90 2.90 0.00 2.90 14.52 0.02 1.58 
2 18777.5 AH-02 5.34 1.32 1.32 9.30 4.03 6.66 4.03 1.32 14.64 5.34 5.34 5.34 0.00 1.32 7.98 0.03 1.10 
2 18781.75 AH-35 1.64 0.41 1.23 5.76 0.82 0.41 0.41 0.00 12.36 4.12 1.23 0.41 0.00 0.00 0.41 0.03 1.42 
2 18839.5 AH-10 2.63 0.66 3.29 9.88 0.66 0.66 1.32 1.98 16.47 3.95 7.90 0.66 0.00 0.00 0.66 0.03 1.54 
2 18843.6 AH-30 4.35 1.13 5.47 11.99 1.13 4.35 4.35 1.13 8.69 11.99 9.82 3.30 0.00 1.13 11.99 0.02 1.48 
MF MD Sample # illite1 chl/ill1 chlorite1 illite2 chlorite2 amorph illite3 kao-Real kao-Real kao/Chl chl/ill2 qtx-real smect/ill1 smect1 smect/ill2 RR Total 
3 17980 AH-33 3.31 1.34 0.63 7.95 4.65 3.31 10.55 1.34 5.27 8.58 1.97 1.34 0.00 7.95 20.55 0.01 2.38 
3 18764.5 AH-14 2.78 0.93 3.71 9.22 2.78 4.64 7.36 0.00 5.57 6.43 1.86 2.78 0.00 3.71 10.14 0.02 1.34 
3 18765.4 AH-19 2.54 1.24 0.65 5.67 2.54 2.54 6.32 1.24 4.43 5.03 3.78 1.89 1.24 3.78 6.92 0.02 1.58 
3 18767.5 AH-23 4.48 2.24 5.56 20.16 3.32 4.48 1.08 1.08 7.80 6.72 8.96 2.24 0.00 4.48 4.48 0.03 1.38 
3 18771.5 AH-22 3.49 1.40 0.00 12.58 4.89 2.80 7.69 1.40 6.29 9.08 5.59 0.70 0.00 5.59 16.07 0.02 2.22 
3 18772.5 AH-16 2.99 0.75 2.24 8.13 2.99 2.99 9.63 0.75 6.64 9.63 5.15 1.49 0.00 3.73 17.76 0.01 2.02 
3 18774.5 AH-05 3.25 1.08 0.00 8.75 3.25 1.08 8.20 0.54 4.88 14.16 5.96 1.08 0.00 2.71 22.37 0.01 2.84 
3 18776.5 AH-32 3.67 1.44 0.00 5.90 3.67 2.23 8.06 0.72 7.34 11.01 5.90 2.23 0.00 3.67 16.11 0.02 1.96 
3 18842.6 AH-07 0.71 0.37 0.00 3.20 1.24 0.71 2.49 0.53 1.42 2.66 1.42 0.18 0.00 1.42 6.57 0.01 2.58 
MF MD Sample # illite1 chl/ill1 chlorite1 illite2 chlorite2 amorph illite3 kao-Real kao-Real kao/Chl chl/ill2 qtx-real smect/ill1 smect1 smect/ill2 RR Total 
4 18762 AH-29 2.72 0.71 3.43 6.15 2.07 2.72 5.44 1.36 5.44 10.22 4.08 2.07 0.00 2.72 15.66 0.02 1.90 
4 18780 AH-34 2.53 0.49 1.02 4.61 1.02 0.49 4.08 0.53 8.65 5.10 8.16 1.51 0.00 0.00 2.57 0.02 1.60 
4 18838.6 AH-21 3.05 0.61 0.00 8.61 2.44 0.61 8.61 0.61 9.22 10.50 12.33 1.83 0.00 0.00 9.22 0.02 2.20 
4 18844.4 AH-20 2.34 0.76 3.09 10.18 2.34 3.92 6.26 0.76 7.84 7.84 5.50 1.58 0.00 0.76 15.61 0.01 1.76 
4 18849.6 AH-13 1.67 0.54 0.54 3.38 1.67 2.79 10.68 0.54 3.38 8.43 1.67 0.54 0.00 0.54 12.39 0.01 1.74 
4 18850.6 AH-31 2.25 0.56 1.12 3.98 1.69 2.25 8.53 1.12 4.55 6.79 3.98 0.56 0.00 1.12 12.46 0.02 1.80 
MF MD Sample # illite1 chl/ill1 chlorite1 illite2 chlorite2 amorph illite3 kao-Real kao-Real kao/Chl chl/ill2 qtx-real smect/ill1 smect1 smect/ill2 RR Total 
5 18230 AH-25 2.80 0.58 0.00 4.48 3.38 1.69 8.39 1.69 7.28 6.70 7.28 1.11 0.00 0.58 12.35 0.02 2.08 
5 18763.3 AH-18 1.60 1.05 0.00 4.20 3.15 2.65 10.56 0.56 2.65 7.90 1.05 2.10 0.56 4.20 19.51 0.01 2.34 
5 18763.5 AH-03 2.79 1.36 0.71 6.24 4.16 2.79 8.96 0.71 4.81 7.60 2.08 2.79 0.00 5.52 14.48 0.02 1.88 
5 18763.8 AH-17 1.89 0.97 0.00 8.52 3.29 1.89 6.63 1.40 3.77 7.06 3.77 0.49 0.00 3.77 17.46 0.01 2.58 
5 18841.6 AH-15 1.64 0.40 1.64 4.51 0.40 1.24 3.67 0.40 4.07 6.15 4.07 1.24 0.00 0.40 6.55 0.02 1.78 
5 18845.6 AH-11 2.32 0.58 0.58 4.12 2.32 2.32 7.02 0.58 5.28 7.02 2.32 2.32 0.00 1.74 14.09 0.01 1.80 
5 18847.6 AH-08 1.96 1.35 0.00 13.96 4.67 1.35 3.32 1.96 7.32 6.64 10.64 1.35 0.00 3.32 9.96 0.02 2.04 
5 18848.6 AH-24 2.68 0.92 1.77 7.99 2.68 4.45 2.68 1.77 6.22 7.99 4.45 1.77 1.77 1.77 16.83 0.02 1.48 
 





Porosity (% vol.), Compressional Sonic Travel Time (µsec/ft), Apparent Water Salinity(% vol.), 
and Formation Density (g/cm3).  Description of each log measurement is presented in Table E.  
Log values (MD) were obtained from accompanying LAS files by averaging three individual 
digital reading at 6 inches above and below and at the measured depth of the cored interval.  
Log parameter variability was assessed using the same descriptive statistics that were used for 
the mineralogical data Results are in Table F.  Graphical representation of log measurements 
variability per microfacies is displayed in Figures 1-9 to provide a lucid relationship of 
mineralogy to log measurements.  Notable trends and existing outlier per log measurement are 




Table D: Log Parameters used with description; API=American Petroleum Institute units 
Log Measurement Description Units 
Resistivity  Measures a materials ability or inability to 
impede the flow of electricity, reciprocal of 
conductivity 
ohm-m 
Conductivity Measures a materials ability of inability to 
conduct the flow of electricity, inverse of 
resistivity  
Siemens/m 
Gamma Ray Measures the natural radioactivity within a 
formation  
API 
Permeability Measurement of a materials ability to flow fluids  millidarcies 
Thermal Neutron Porosity Slows down neutrons and records at the 
epithermal level, measures the hydrogen 
concentration within a formation 
% Volume 
Compressional Sonic Travel 
Time 
Measures the sonic travel time of a 
compressional sound wave 
µsec/ft 
Formation Density Measures bulk density of entire formation  g/cm3 








 Box Plots displayed below in Figures 28, 29, 30, 31, 32, 33, 34, and 35 shows the 
variability of each log parameter throughout microfacies.  MF2, MF3, and MF4 convey the 
greatest variability throughout each log parameter box plot, except for neutron porosity where 
the opposite occurs.  Permeability has homogenous variability throughout all microfacies, 
although MF1 contains the highest mean values and MF5 the lowest.  There are nuances of 
difference in mean values between log parameters through individual microfacies caused by 
the primarily shaley environment.  Thus values are expected to be low (relative to sandy 
intervals) in respective measurements displaying only minimal differentiation for permeability, 
porosity, resistivity, and pore water salinity.  Velocity, density, and gamma ray values are of 
particular importance considering their dependence on inherent mineralogy and exhibit a 
greater degree of variability within all microfacies.  Conductivity shares an inverse relationship 
with resistivity and shows slight variability although its results are mineral with respects to this 
study.  Similarly, potential variables and their distributions have visible variability, but cannot be 
ranked importance in classification of microfacies.  Log parameter mean values and quartile 
measurements within different microfacies can provide evidence to support seal quality 
prediction.       
Mean values are plotted per microfacies for comparative assessment of variability 
through the cored interval and are displayed in Figures 36-43.  Values are arranged in 
descending microfacies order.  MF1 and MF2 have the same mean resistivity values of 0.70 
(ohms-m) representing the median values within all microfacies.  MF4 harbors the maximum 























































Figure 28: Log Resistivity Values (ohm-m): ; Q1= Quartile1, 
Min=Minimum, Med=Median, Mean= Average, Max=Maximum, 
Q3=Quartile3; M=Microfacies. 
Figure 29: Log Conductivity Values (Siemens/m): ; Q1= Quartile1, 














































Figure 30: Log Gamma Ray Values (API); Q1= Quartile1, 
Min=Minimum, Med=Median, Mean= Average, Max=Maximum, 
Q3=Quartile3; M=Microfacies. 
Figure 31: Log Permeability Values (md); Q1= Quartile1, 



















































Figure 32: Log Neutron Porosity Values (%/Vol); Q1= Quartile1, 
Min=Minimum, Med=Median, Mean= Average, Max=Maximum, 
Q3=Quartile3; M=Microfacies. 
Figure 33: Log Sonic Velocity Values (µsec/ft); Q1= Quartile1, 
















































Figure 34: Log Formation Density Values (g/cm3); Q1= Quartile1, 
Min=Minimum, Med=Median, Mean= Average, Max=Maximum, 
Q3=Quartile3; M=Microfacies. 
Figure 35: Log Pore Water Salinity Values (%/Vol); Q1= Quartile1, 






In decreasing order from MF1 to MF5 mean resistivity values generally exhibit a linearly 
increasing trend, except that MF3 has the minimum value within the distribution. 
The mean conductivity values display an inverse relationship to the mean resistivity 
values and are graphically presented in figure 37.  Although each microfacies does not reflect 
the same individual relationship with its resistivity counterpart, the same general inverse trend 
is evident.  MF1 and MF2 exhibit median values of 1,435.84 (S/m) and 1.458.36 (S/m), 
respectively.  MF3 is the bearer of the maximum value within the distribution of 1,543.17 (S/m) 
and MF4 contains the minimum value of 1.205.78 (S/m).  A general decreasing linear trend is 
obvious as microfacies number decreases, except for MF3.     
 Mean Gamma Ray values are listed and plotted within histogram figure 38.  Gamma ray, 
a very important variable for accurate recognition of lithology displays a generally decreasing 
trend with increasing microfacies #, except in MF1.  MF2 contains the maximum value within 
the distribution of 4.85 (API) and MF5 records the minimum value of 3.77 (API).     
 The mean permeability values displayed in figure 39 exhibit slight diversity.  MF1 
contains the maximum mean permeability value of 0.051 (MD) and MF2 contains the minimum 
value of 0.028 (MD).  A generally decreasing trend with increasing microfacies # is observed as 
expected with conventional depth compaction trends. 
 The histogram for thermal neutron porosity has an apparent convex shaped distribution 
(figure 40).  MF1 contains the maximum value of 0.07% while MF3 represents the minimum 





 The mean compressional sonic travel time values displayed in figure 41, exhibit 
recognizable variability.  The lower the value the faster the compressional wave travel through 
the formation.  The general velocity increases as microfacies # increases.  MF4 represents the 
maximum value (fastest) within the distribution of 94.32 (µsec/ft) and MF1 contains the 
minimum value (slowest) of 105.6 (µsec/ft). 
 Formation density mean values are represented in figure 42 showing a slight amount of 
variability.  A general decreasing trend is observed for formation density, excluding MF2 from 
the range.  MF1 contains the maximum value with the distribution of 2.62 (g/cm3) while MF2 
exhibits the minimum value of 1.80 (g/cm3).  
   The apparent pore water salinity mean values displayed within figure 43 exhibit 
obvious variability.  A general increasing trend is observed as microfacies # increases, barring 
MF2.  MF5 contains the maximum value within the distribution of 62.755% and MF2 represent 
the minimum value of 59.82%.  It is difficult to recognize consistent attributes of the 















































Mean Gamma Ray Values














Figure 36: Log Mean Resistivity (ohm-m) 
Values plotted per microfacies:  
MF=Microfacies 
Figure 37: Log Mean Conductivity 
(Siemens/m) Values plotted per 
microfacies:  MF=Microfacies 
Figure 38: Log Mean Gamma Ray (API) 
Values plotted per microfacies:  
MF=Microfacies 
Figure 39: Log Mean Permeability (md) 

























Mean Neutron Porosity Values












Mean Compressional Sonic Travel 
Time Values












Mean Formation Density Values












Mean Pore Water Salinity Values
Mean Pore Water Salinity Values
Figure 40: Log Mean Neutron Porosity 
(%/Vol) Values plotted per microfacies:  
MF=Microfacies 
Figure 41: Log Mean Sonic Velocity 
(µsec/ft) Values plotted per microfacies:  
MF=Microfacies 
Figure 42: Log Mean Formation Density 
(g/cm3) Values plotted per microfacies:  
MF=Microfacies 
Figure 43: Log Mean Apparent Pore Water 
Salinity (%/Vol) Values plotted per 





    AE90             TNPH       
  M1 M2 M3 M4 M5     M1 M2 M3 M4 M5 
Q1 0.67 0.64 0.64 0.76 0.71   Q1 0.04 0.01 0.01 0.01 0.02 
Min 0.63 0.60 0.60 0.58 0.64   Min 0.01 0.00 0.00 0.00 0.00 
Med 0.72 0.70 0.65 0.90 0.72   Med 0.07 0.02 0.00 0.01 0.06 
Mean 0.70 0.70 0.65 0.88 0.79   Mean 0.07 0.04 0.02 0.04 0.06 
Max 0.75 0.85 0.70 1.17 0.98   Max 0.11 0.12 0.10 0.13 0.13 
Q3 0.73 0.74 0.67 0.97 0.93   Q3 0.09 0.07 0.03 0.06 0.11 
                 
    AECO90             DTCO       
  M1 M2 M3 M4 M5     M1 M2 M3 M4 M5 
Q1 1361.8 1365.5 1365.5 1033.8 1075.0   Q1 105.2 100.1 100.1 90.7 91.0 
Min 1330.4 1241.9 1430.1 868.2 1015.6   Min 104.8 94.2 97.8 87.9 88.2 
Med 1393.2 1438.9 1535.8 1115.2 1389.6   Med 105.5 103.7 104.5 94.2 97.0 
Mean 1435.8 1458.4 1543.2 1205.8 1289.0   Mean 105.6 102.0 103.3 94.3 95.7 
Max 1583.9 1676.2 1678.1 1743.6 1562.5   Max 106.5 105.5 106.0 104.0 106.7 
Q3 1488.6 1560.3 1541.9 1318.2 1405.4   Q3 106.0 105.1 104.7 95.6 97.7 
                 
    GR             ASAL       
  M1 M2 M3 M4 M5     MF1 MF2 MF3 MF4 MF5 
Q1 3.29 3.07 3.07 2.62 3.18   Q1 60.27 59.52 59.12 61.51 62.84 
Min 3.17 2.63 2.72 2.25 1.83   Min 59.56 53.70 58.08 56.33 57.75 
Med 3.40 3.71 4.25 4.25 3.44   Med 60.98 59.95 60.02 63.50 63.22 
Mean 4.07 4.85 4.72 4.14 3.77   Mean  60.77 59.82 60.17 61.98 62.75 
Max 5.65 12.50 9.63 6.36 6.41   Max 61.76 63.74 63.57 64.11 64.66 
Q3 4.52 4.50 4.31 5.29 4.11   Q3 61.37 61.14 60.95 63.59 63.79 
                 
    IPERM             RHO8       
  M1 M2 M3 M4 M5     M1 M2 M3 M4 M5 
Q1 0.04 0.04 0.04 0.03 0.02   Q1 2.55 1.35 1.35 1.64 1.79 
Min 0.04 0.00 0.03 0.00 0.01   Min 2.55 1.13 1.38 1.32 1.70 
Med 0.05 0.04 0.05 0.04 0.03   Med 2.55 1.76 2.34 2.36 2.05 
Mean 0.05 0.04 0.05 0.04 0.03   Mean 2.62 1.80 2.19 2.07 2.03 
Max 0.06 0.06 0.07 0.07 0.05   Max 2.76 2.44 2.83 2.56 2.48 
Q3 0.06 0.04 0.04 0.05 0.03   Q3 2.66 2.30 2.31 2.39 2.15 
Table F: Quantitative Log Values used to Construct Box Plots: AE90= Resistivity, TNPH=Thermal Neutron 
Porosity, AECO90= Conductivity, DTCO= Compressional Sonic Travel Time, GR=Gamma Ray, ASA= 
Apparent Pore Water Salinity, IPERM=Permeability, RHO8= Formation Density; Q1= Quartile1, 





CHAPTER 5. DISCUSSION  
 Detailed petrographic investigation and laboratory well log data for shale samples from 
Middle Miocene cored intervals in Santa Cruz Well; Mississippi Canyon block 519, Gulf of 
Mexico reveal characteristics that can be used to construct five distinct microfacies.  The 
respective shale microfacies 1-5 are a result of varied depositional environments and diagenetic 
processes.   Textural differences are produced from specific depositional frameworks and 
posses unique mineral contents.  Variation in mineral abundances in the subsurface influences 
petrophysical properties and other characteristics of hydrocarbon sealing sequences.  A 
comparison of petrophysical properties interpreted from various geophysical well log proxies 
unveils lithologic variability among associated parameters confirming mineralogical differences 
apparent throughout study area.  Identification of successful sealing parameters (textural, 
mineralogical, petrophysical) will be evident in well logs providing an indication to possible 
prediction of seal quality based on inferred and actual parallels to previous Dawson and Almon 
(2002, 2005) seal efficiency studies.    
Initial microfacies interpretation was based on SEM determination of clay/silt fraction 
ratio, sedimentary structures and XRD mineralogy content.  Shale types examined can be 
divided into 5 microfacies: 1. Finely laminated clayshale; 2. Slightly silty clayshale 3. Banded 
mudshale;  4. Slightly sandy mudstone; and 5. Moderately sandy and bedded siltstone.  
Distinguishing parameters per individual microfacies are displayed in Chart X.  Seal quality 
predictions are based on data in Dawson and Almon, (2002, 2005) and Bj ǿrlykke et al., (2004, 






5.1 Microfacies 1: Slightly Silty, Finely Laminated, Argillaceous Clayshale 
MF1 was formed as a deepwater, hemipelagic (biogenic foraminiferal rain), basal 
clayshale (clay rich sediment) in a low energy, distal environment which explains the meager silt 
content and the preserved fine laminations produced by suspension driven-sedimentation.   
This hemipelagic clayshale contains the highest mean abundance of clay (Dismectite, 
nontronite/mica rich) calculated from XRD (72.29 wt%) and the lowest amount of XRD derived 
silt (Quartz/Feldspar) concentration of (21.89 wt%).  Bulk mineral accessory components mean 
concentrations are notably high for siderite (3 wt%) and pyrite (1.6 wt%).  Clay-sized mineral 
XRD mean abundances per MF1 are distinctive for Kaolinte50/Chlorite50 (R=0) [kao/chl] of (12.2 
wt%), Dismectite [smect1] (5.9 wt%), and Illite70/Nontronite30 (R=0) [mica/nont] (20.5).  Well 
log parameters similarly reveal distinctive values associated with MF1.  It has the slowest sonic 
travel time represented by (105.6 µsec/ft), highest mean bulk density value of (2.62 g/cm3), the 
second lowest mean gamma ray reading of (4.7 API), and the median values for distribution of 
conductivity, resistivity, and pore water salinity readings of (1435.8 S/m), (0.70 ohm-m), and 
(60.77 %/vol) respectively.  MF1 is equivalent to Dawson and Almon (2005) M1 microfacies 
consisting of slightly silty (quartz and feldspar) clay mixed with foraminiferal fossils and pyritic 
framboids evenly distributed throughout laminated clays.     
5.2 Microfacies 2: Slightly-Laminated, Slightly to Moderately Silty,  Clayshale 
MF2 is characteristically a heteroltihic distribution of fine grained silt (24 wt% /volume) 
and clay (illite rich) deposit produced in a more proximal environment (relative to MF1) sourced 





clayshale contains the second highest relative mean volume of XRD derived clay (71.8 wt%) and 
the second lowest silt fraction of (24.6 wt%).  Bulk sample secondary mineral constituents are 
dolomite (0.34 wt%) and the lowest calcite abundance of (0.7 wt%) and a median mean siderite 
weight percentage of 1.73.  XRD Clay mineral mean abundances for MF2 are different from the 
other facies with respect to content.  Relatively high percentages of mica K-depleted [Illite1] 
(3.4 wt%), Mica [illite2] (10.3 wt%), Trichlorite [chlorite1] (2.2 wt%), and Kaolinite [kao-Real2] 
(5.9 wt%) are present. Distinguishing well log parameters for MF2 are the highest mean gamma 
ray reading at (4.85 API), the relative second highest mean conductivity reading of (1458.36 
%/vol), the lowest mean bulk density and apparent pore water salinity values of (1.80 g/cm3) 
and (59.8 %/vol), respectively, and the third slowest mean sonic travel time of (101.98 µsec/ft).  
MF2 most resembles M2 microfacies from Dawson and Almon (2005) moderately silty and 
associated quartz microporosity encased in a partly laminated clay matrix, with evidence of 
carbonaceous material.     
5.3 Microfacies 3: Banded Laminated, Slightly Silty, Clayshale and Moderately Silty Bedded 
Mudshale 
MF3 originated as a hemipelagic, low energy, basal clayshale (high % illite/smectite) 
disrupted by density laden, episodic flows (hemi-turbiditc banding) possessing a silt content of 
29 wt%.  Bulk mineral mean abundances provide insight to properties specific to MF3 necessary 
for category membership.  MF3 contains the third largest mean clay weight percentage of 65.7 
and a corresponding silt content of (28.5 wt%).  Accessory minerals that have noticeable 
differences relative to other microfacies include:  the highest mean carbonate and dolomite 





mineral abundance of (2.4 wt%).   Clay sized mineral abundances are also distinct, including: the 
highest relative mean weight percent of chlorite60/illite40 (R=0) [chl/ill1] (1.0), Trichlorite Fe-K 
depleted [chlorite2] (2.6 wt%), and the second highest mean abundance of Mica [illite2], 
Glauconite [glauc] and Dismectite [smect1] with weight percentages of (10.3, 4.2, 2.1), 
respectively.  MF3 has the second highest mean gamma ray and mean bulk density values 
reading at (4.72 API) and (2.2g/cm3), and the second lowest mean pore water salinity values of 
(60.1 %/vol), respectively.  MF3 also contains the second slowest mean sonic travel time of 
(103.31 µsec/ft).  MF3 contains similarities with M3 from Dawson and Almon (2002) exhibiting 
silty, finely laminated, graded black-shale resulting from hemi-turbiditic deposition.   
5.4 Microfacies 4: Slightly Sandy, Moderately to Abundantly Silty Mudstone 
MF4 is a coarse grained, gravity laden hyperpycnal flow (slide, slump, or debris flow) deposit 
invading basal mudstones to produce a poorly sorted randomly oriented microporous fabric 
with 39 wt% silt content.  This slightly sandy mudstone contains the lowest overall mean 
abundance of clay (57.2 wt%) and the overall highest mean silt weight percentage of (39.1). 
Bulk mineral secondary constituent differences are evident in the lowest mean mineral 
abundance of carbonate and pyrite with (2.5 wt% and 0.7 wt%), respectively.  Also MF4 has the 
highest mean mineral weight percentage of gypsum at 0.5.  XRD Clay mineral mean abundances 
for MF4 are distinctive with respect to Glauconite70/chlorite30 (R=0) [glauc/chl] and Glauconite 
[glauc] with a 6.0 wt% and 7.3 wt%, respectively.    Distinguishing well log parameters for MF4 
are the highest mean resistivity value of 0.88 ohm-m and the fastest compressional velocity 





MF4 contains the second highest mean reading of apparent pore water salinity of 61.98 %/vol.  
MF4 is equivalent to Dawson and Almon (2005) M5 microfacies containing large silt grains in a 
very silty microporous fabric complete with pyritic framboids.   
5.5 Microfacies 5: Moderately Sandy, Silt Rich, Well bedded, Siltstone 
 MF5 formed as an erosional, high energy, turbiditic, gravity slump mass transport 
complex and leveed-channel system.  A deepwater distal mudstone was invaded by a 
moderately sandy, silt rich hyperpycnal flow.  This moderately sandy and bedded siltstone 
contains the second lowest mean clay weigh percentage of 57.9 and the second highest overall 
mean silt value of 36.24 wt%.  Bulk accessory mineral abundances are distinguished by the 
lowest mean siderite value of 1.2 wt% and the highest pyrite and calcite values of 1.8 wt% and 
2.3 wt%, respectively.  No distinguishable clay mineral characteristics are evident.   Well log 
parameters similarly reveal distinctive measurements associated the lowest mean gamma ray 
of 3.77 API and the highest relative mean pore water salinity of 62.75 %/vol.  MF5 is also similar 
to Dawson and Almon (2005) M5 microfacies with the exception of sand sized grains and 
bioturbation.    
5.6 Interpretation of Seal Quality  
 The ability of any lithologic unit particularly shale to successfully impede the vertical 
migration of hydrocarbons depends on certain essential characteristics.  The capacity of any 
rock to perform as an effective seal for hydrocarbons is restricted by the size of its largest 





detrital angular grains appear to prevent the development of compaction produced laminated 
clay fabric, and subsequently lower sealing capacities.  The inverse relationship between total 
clay content (wt%) and total silt content (wt%) established by XRD analyses plotted in Figure 44 
could also be related to seal.  As the total wt% of clay increases the seal quality should increase.   
This is based on the work by Sutton (2004), who established that sealing properties of shale 
fabric are influenced by clay content.  The smectite/illite ratio can be a strong indicator of 
depositional environment as well as an indication to seal quality.    Low oxygen environments 
are ideal conditions for preserving primary texture and thereby enhancing seal quality 
essentially free of diagnetic effects.  A clay rich interval with minimal quartz (silt) will have 
significantly higher bulk densities than quartz sands and will be useful proxy in determining seal 
quality.  The higher the bulk density the lower the effective porosity (Total porosity [all pore 
space containing fluid] less clay associated bound water porosity).  Bulk density follows the 
same trend as clay content except for MF2.   No apparent relationships exist between 
permeability and porosity parameters in regards to seal quality because of the uniformly low 
readings associated with the shaley environment.  However, increase in smectite abundance, a 
clue to more proximal depositional environment, will increase relative neutron porosity.  
Reduced rates of sedimentation and oxygen depleted bottom conditions deprived of biogenic 
activity contain horizontally laminated microfabric having a positive effect on overall seal 
quality.  Conversely, bioturbation disrupts horizontal laminations and leads to increased 
porosity.  Organic matter commonly in abundance during hemipelagic deposition can also be a 
good inhibitor of vertical fluid migration.  Best seals are generally in or beneath the condensed 





propensity to align grains in a more preferable orientation thereby improving seal quality 
(Dawson and Almon, 2002).  Detrital bioclastic grains act the same as silt grains inhibiting 
compaction and producing higher neutron porosity measurements.  On the other hand, On the 
other hand, reprecipitation of dissolved bioclasts as carbonate cement enhances sealing 
potential.  Quartz cementation will have a favorable impact on seal quality although a 
byproduct is an increase in rigidity; this may make fracturing more likely, negatively effecting 




5.7 MF1 Seal Quality and Petrophysical Evaluation  
 The low abundance of detrital silt is a reliable predictor of high quality seals in the 
deepwater Gulf of Mexico (Dawson W.C., Almon W.R., 2002).  MF1 contains the highest weight 
percent of clay fraction and conversely the lowest mean weight percentage of silt.  
Furthermore, MF1 has a relatively high weight percentage of pyrite indicating low oxygen 
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and increased relative abundance of organic material.  Preservation of original textures and fine 
lamination produced in a hemipelagic low energy environment typical of MF1 enhances seal 
quality due to permeability anisotropy.  Preserved Organic material also aids in inhibiting the 
flow of hydrocarbons (Dawson W.C., Almon W.R., 2002).  This is accomplished by an overall 
increase in rigidity of shale material but an increase in low density material.    MF1 contains the 
highest weight percentage of Dismectite and mixed layered Illite70/Nontronite30 (R=0) having an 
immediate impact on compressional sonic velocity.  Smectite and smectite interlayered 
expandable material contain the highest percentage of clay associated bound water ultimately 
reducing the speed of compressional sounds waves through the interval.  However, the 
expected bulk density negative correlation with velocity was not observed.  Bulk density 
remains relatively high leading to the conclusion that depth and bound water porosity is an 
overriding factor in determining bulk density and velocity.  Velocity is traditionally relatively 
slow in hemipelagic intervals due to higher % of clay and their associated bound water and 
organic matter (low density material) which remains true.  However, the average depth of MF1 
is -18249.8 MD making it the highest subsurface depth.  Relative to other microfacies it is the 
least compacted which produced a slower velocity measurement and has the highest 
percentage of expandable layered clays (smectite rich) which commonly result in 
undercompaction relative to other clay minerals.  There are several rational explanations for a 
higher density in this regime: 1. The presence of high bound water porosity and an overall low 
effective porosity (greater than total porosity) and relatively higher abundance of non mobile 
lower density material (organic matter, expandable clays) yields an overall higher density than 





rich clays only account for ~26wt% of the total volume of clay while more abundant higher 
density clays lead to an increase in density;  3. hemipelagic deposition has low sedimentation 
rates and forms in low energy environments leading to a well compacted dense matrix.  The 
most likely factor creating an increase in relative bulk density is the large amount of clay in 
MF1.  The high neutron porosity readings are attributed to the increased abundance relative to 
other microfacies of bound water porosity due to high smectite and smectite-rich constituents.  
Effective porosity is lowered due to the abundance of smectite rich interlayered material and its 
associated high amount of bound water porosity. Trace amounts of organic content (uranium) 
are present, however potentially not sufficient enough to impact gamma ray, but enough to 
positively influence density. Upon comparison of published work by Dawson and Almon (2005), 
MF1 is most like their (M1) microfacies.  This similarity coupled with other factors (Bj ǿrlykke et 
al.) indicated that MF1 has the highest potential to be an effective hydrocarbon seal.  
5.8 MF2 Seal Quality and Petrophysical Evaluation  
 Abundant clay minerals (second highest), and various distinct petrophysical properties 
(high gamma ray and low pore water salinity) suggest chemical compaction has greatly affected 
this interval.  The commencement of the smectite to illite transition (illitization of smectite) 
with increasing depth and temperature initiates a dewatering reaction releasing interlayer 
(fresh) water into associated pores justifying the lowest mean apparent pore water salinity 
values.  Silica is also released as a byproduct from the mechanical process leading to an 
increase in quartz precipitation as observed from the quartz mean wt% abundance relative to 
MF1.  Many enhancing effects to seal quality result such as a stiffening of grain fabric from 





MF2 correlating to the greatest mean gamma ray reading.  The lower mean bulk density 
reading relative to MF1 is also evident.  MF1 has a higher abundance of expandable clays 
(bound water porosity).  In addition, MF2 contains Illite in high abundance which means less 
bound water porosity and a relative increase in velocity.  But effective porosity is higher now 
due to the reduction in bound water porosity that ultimately effects density measurements 
negatively for MF2.  Relatively low silt content (high clay content), creates a more rigid 
framework, possible cementation, and preferred grain alignment all enhance overall seal 
potential and increase seal quality.  Many of the predetermined criteria of an efficient seal are 
possessed by MF2 although increasing silt content slightly degrades its overall quality.  MF2 is 
potentially a good seal, but not as good as MF1 relating to (Dawson and Almon, 2006) (M2) 
microfacies.    
5.9 MF3 Seal Quality and Petrophysical Evaluation  
 MF3 has characteristics of both MF1 and MF5 thus moderating its petrophysical 
characteristics related to sealing hydrocarbon migration.  The overall reduction in neutron 
porosity can be attributed to the overall highest mean carbonate weight percent forming 
microcrystalline authigenic carbonate cement (evident in SEM) reducing porosity formed early 
in the diagnetic process. (Dawson and Almon, 2005).  Carbonate cement will stiffen the overall 
sediment fabric and thereby increasing bulk density relative to MF2.  There is still a strong 
presence of illite represented evident by its low mean pore water salinity values slightly higher 
than MF2.  Kaolinite clay minerals contain higher bulk density values relative to its counterparts 
and increased mean abundances compared to other microfacies justifies the overall high mean 





the deeper MF2.  MF2 contains an average subsurface depth greater than MF3 hence velocity 
shows a relative decrease from MF2.  High mean gamma ray values are strongly influenced by a 
high percentage of K-rich minerals particularly illite.  MF3 shows a modest to strong degree of 
seal quality and has some enhancing factors however increasing silt content can possibly inhibit 
its ability to seal.   MF3 is consistent with (Dawson and Almon, 2002) (M3) and is a 
good/moderately effective seal.  
5.10 MF4 Seal Quality and Petrophysical Evaluation 
 MF4 contains the highest mean abundance of silt.  This has a direct correlation to a 
decreasing gamma ray response.  Velocity is mostly affected by increasing average depth.  
Resistivity increases exponentially relative to other microfacies suggesting a slight indication to 
hydrocarbon filled pores and associated pore water brine will positively influence resistivity.  
Larger grains sizes tend to assemble closer to the hydrocarbon saturated sandstone reservoir 
representing a transition of facies. Diagenetic glauconite increased abundance is consistent 
with an influx of sand and silt sized grains.  The compaction of oriented laminar clay texture is 
inhibited by a process known as compaction shielding occurring in silt rich environments 
(Dawson and Almon, 2005).  This process contributes to the overall degradation of seal 
character by increasing the amount of interconnected pores.  MF4 is a relatively poor seal due 
to the abundance of silt and failure to satisfy many of the properties of an effective seal and 






5.11 MF5 Seal Quality and Petrophysical Evaluation  
MF5 has the second lowest mean abundance of clay and the second highest mean 
abundance of silt fraction.  Silt to clay ratio is now the overriding factor in determining seal 
quality.  Textural examination also reveals trace fossil burrows and sparse fossil fragments 
disrupting potential sealing fabric.  Petrophysical properties are very similar to MF4 and reveal 
a more texturally dependent estimation of seal quality.  MF5 is a moderate to poor seal 
because of increasing silt content, lack of possession of above successful sealing parameters 
and is coincident with (M5) from (Dawson and Almon, 2002). 
5.12 Summary Factors Influencing Classification of Microfacies 
Classification based on distinguishing characteristics from mean mineralogy and well 
logs data.  Well logs do not always convey the necessary properties of a successful seal due to 
impact of clay mineral variations as discussed above.  Nevertheless some generalizations are 
obvious.  
 A good seal exhibits a high bulk density, a moderately high velocity, a moderate to high gamma 
ray, a low resistivity, an abundance of clay minerals and a small amount of silt.  A good seal also 
will most likely be deposited in a distal, hemipelagic, or hemi-turbiditic environment with 
minimal sediment influx, free of bioturbation.  Common clays associated with these 
environments are expandable layered clays (smectite, smectite interlayer material) and illite. 









%Clay %Silt Abundant Clay Abundant 
Accessory  






1 Low Energy, 
Distal, 
Hemipelagic 





105.6↓ 2.61↑ 4.1 .7 1435.8 60.8 .07↑ Excellent 
2 Distal Turbidite 71.8↑ 24.6↓ Illite (Mica, Mica 
K-Depleted), 
Kaolinite 





65.7  28.5 Illite, Chlorite, ML 
chlorite/illite 
Carbonate 103.3↓ 2.19↑ 4.7↑ .65↓ 1543.2↑ 60.2 .02↓ Good/Mo
derate 
4 Poorly Sorted,    
High energy, 
Debrite 





57.9↓ 36.2↑ ---- Calcite, Pyrite 95.69↑ 2.03↓ 3.8↓ .79↑ 1289↓ 62.75↑ .06↑ Poor 
Table G: Microfacies breakdown of significant features, seal quality assessments, and accompanying well log parameters, abundant 
bulk minerals, and abundant clay species present; (Δ)µsec/ft= Sonic Compressional Travel Time, ρB= Formation Density, γ Ray= 





time of deposition, siderite and carbonate in the forms of pore-filling cement.  These qualities 
are distinct to MF1 and MF2, suggesting they are the highest quality seals.   
5.13 Top Seal Vertical Assemblage  
 Characteristics of high and low quality microfacies sealing sequences have been 
established.  Some microfacies are considered more effective inhibitors of hydrocarbon flow 
due to intrinsic microfabric and mineralogical occurrences. MF 1 and MF2 comprise slightly 
more than 50% of the 33 mudstone samples investigated with 19 samples categorized as 
possessing characteristics of high quality seals.  The variable distribution of seal quality within 
the intervals sampled does not yield a uniformly effective sealing unit.  Rather, it is the critical 
placement and location of microfacies contained within sealing shale sequences that will 
ultimately govern a units ability to be a highly efficient seal.  The distribution of MF types as a 
function of sample depth is illustrated in Table H. Consider top seal interval 18762 MD through 
18.781 MD lying directly above the hydrocarbon bearing reservoir.  A total of 18 samples were 
studied; 8 samples were from MF1 (low energy, distal hemipelagite), 5 samples were from MF2 
(distal turbidite), 3 samples were from MF3 (proximal hemi-turbidite), 2 samples were from 
MF5 (high energy, gravity slump-mass transport complex and leveed channel complex), and no 
samples were observed from MF4. The “Top Seal “above the reservoir contains an assemblage 
of distinct microfacies due to different depositional settings.  The first 5 samples directly above 
the reservoir contain 3 different microfacies within the interval 18,781.5 MD through 18,775.6 
MD.  Although some MF are less efficient at retarding migration this does not mean they are 
completely ineffective.  Fluid flow is impeded in these intervals but less effective microfacies 






Sample # Microfacies XRD 
1 4 17970 
2 4 17980 
3 3 18006 
4 4 18230 
5 3 18762 
6 3 18763.3 
7 5 18763.5 
8 5 18763.8 
9 2 18764.5 
10 1 18765.4 
11 2 18767.5 
12 1 18768.4 
13 1 18770.7 
14 2 18771.5 
15 1 18772.5 
16 1 18773.9 
17 1 18774.5 
18 2 18775.6 
19 1 18776.5 
20 1 18777.5 
21 3 18780 
22 2 18781.75 
23 3 18838.6 
24 1 18839.5 
25 2 18841.6 
26 1 18842.6 
27 1 18843.6 
28 3 18844.4 
29 3 18845.6 
30 5 18847.6 
31 5 18848.6 
32 2 18849.6 
33 2 18850.6 
 
Table H: Column 1. Samples with MF association: Is the number of samples 
investigated within the study area.  Column 2. Is the assigned microfacies to 
that particular sample based on predetermined criteria.  Column 3. The depth 





column until a more efficient sealing microfacies resists flow and ultimately provides maximum 
retardation of vertical migration.  MF2 is the first sequence intercepted by a migrating mass.  In 
relation to our study we have found that MF2 is a more efficient sealing unit than MF3, but less 
efficient than MF1.  The “seal” is by default stacked units possessing a range of characteristics 
some of them less useful as inhibitors of hydrocarbon migration. A further assessment of the 
collective sealing capacity of stacked sequences of variable quality MFs requires additional 
samples to test variability beyond the single well studied. 
5.14 Well Log derived Mineral Weight Percentage vs. XRD Bulk Mineral Weight Percentages 
Comparison between X-ray diffraction measurements of mineral percentages in core 
samples with those derived from gamma ray spectroscopy produced contrasting results.  Table I 
displayed below shows the difference between XRD and log measurements.  The magnitude of 
the difference in the two methods is apparent in the quartz values plotted in Table I.  XRD 
values cover a wide range while log derived mineralogical quantities are typically higher and 
less variable.  Differences between the two different mineralogical assessment methods are 
related to calibration procedures or variations in the volume sampled.   
For XRD calibration, mineral intensity factors (MIF) were used to convert integrated peak 
areas obtained with X-ray diffractometry of whole specimen powders to relative percent 
abundances for Quartz, Feldspar, Calcite, Dolomite, Gypsum, Siderite, and Total Clay. If the XRD 
MIFs are not the same as those produced by the minerals in the sample, the estimates will not 
be accurate.  If the spectral gamma ray coefficients are not well calibrated errors may ensue. 





Fraction Carbonate, Dry Weight Fraction Anhydrite/Gypsum, Dry Weight Fraction Pyrite, Dry 
weight Fraction Siderite, Dry Weight Fraction Quartz+Feldspar+Mica, Dry Weight Fraction Coal, 
and Dry Weight Fraction Salt. Well log derived values used for comparison were Dry Weight 
Fraction Clay, Dry Weight Fraction Carbonate, Dry Weight Fraction Anhydrite/Gypsum, Dry 
Weight Fraction Pyrite, Dry weight Fraction Siderite, Dry Weight Fraction 
Quartz+Feldspar+Mica, Dry Weight Fraction Coal, and Dry Weight Fraction Salt.  They were 
obtained with proprietary algorithms by the logging company that rely on converting 
concentrations of silicon, calcium, iron, sulfur, and titanium etc., to mineral percentages.  If the 
assumptions about element content in a particular mineral are not correct or the element used 
occurs in more than one mineral (such as K in micas as well as feldspars), the mineral values will 
not be correct.   
  XRD procedures were conducted using small samples from core and represent about 
one inch of material from an exact subsurface depth.  Log values may not be as sensitive to the 
small scale variability detected with the XRD procedures because they are moving averages 
plotted in six inch increments.  A thin shale bed in an overall sandy sequence may be 
overlooked completely or be assigned a quartz value because of the high quartz content of the 
surrounding units.  Logs are formulated for average macro-scale interpretation and may fail to 
capture micro-scale lithologic variability within core.  
 5.15 Decision Tree Analysis 
 The descriptive statistics discussion and other characteristics of the sample discussed 






MD ACLAY (XRD) LOGCLAY AQF(XRD) LOGQFM 
17970 79.77 8.66 14.70 91.34 
17980 76.27 2.07 18.19 97.73 
18006 60.31 3.77 33.87 95.99 
18230 53.44 15.06 35.45 84.44 
18762 64.70 38.24 32.07 56.34 
18763.3 61.73 30.17 36.27 62.78 
18763.5 64.95 30.17 32.16 62.78 
18763.8 60.83 30.17 36.25 62.78 
18764.5 63.32 27.96 35.61 68.96 
18765.4 49.76 34.07 36.05 64.58 
18767.5 77.23 39.19 17.83 60.81 
18768.4 79.70 39.91 16.75 59.00 
18770.7 80.31 35.17 15.89 62.90 
18771.5 77.65 31.48 17.08 66.77 
18772.5 74.63 33.45 16.47 62.75 
18773.9 76.82 33.65 17.12 63.01 
18774.5 77.40 34.67 18.46 65.26 
18775.6 76.42 32.95 19.23 62.85 
18776.5 71.94 32.50 23.39 59.48 
18777.5 73.20 37.43 23.08 58.85 
18780 40.79 56.84 56.79 43.16 
18781.75 29.25 57.17 68.85 42.83 
18838.6 67.77 29.00 29.33 70.12 
18839.5 81.71 30.97 12.93 69.03 
18841.6 36.38 35.89 47.03 64.11 
18842.6 23.19 35.69 73.58 64.31 
18843.6 82.18 32.30 15.45 67.46 
18844.4 68.78 31.37 23.22 65.79 
18845.6 52.83 27.77 44.24 67.31 
18847.6 67.75 25.08 28.38 74.92 
18848.6 65.48 27.84 30.18 72.16 
18849.6 50.24 31.87 48.57 68.13 
18850.6 51.07 36.04 44.45 62.92 
  
Table I: Column 1. Measured Depth, 2. XRD Clay, 3. Log Clay, 4. XRD 






qualitative.  The importance of the variables cannot be evaluated empirically.  An independent 
multivariate statistical procedure was conducted to predict membership or association in a 
microfacies based upon categorical dependent variables.  The classification tree analysis utilized 
training data from 33 samples including XRD bulk and clay mineral measurements, as well as 
selected well log parameters (independent variables).  The samples had been assigned 
previously to 5 distinct microfacies (categorical dependent variable).   
Three decisions were conditionally obtained with the procedure splitting microfacies 
categories into respective nodes (subsets) based on aggressively selected input determinants 
(Figure 45).  Variables chosen as representative discriminators during the analysis were XRD 
derived quantitative estimates Fe-carbonate mineral siderite (ASID), XRD derived actual 
kaolinite pattern values (ISIM), (kao-Real2), and XRD derived ordered trichlorite and mica 
chlorite60/illite40 (R=0) (BSIM), (chl/ill1).  The microfacies category # is listed in the left column 
of the mother node at the top of Figure 10 and the associated number of samples is listed on 
the right. The first decision conditionally slit the sample set on ASID on value of 1.8195 wt%.  A 
total of 16 samples were split into subset ASID < 1.8195 wt% including: 1 sample from MF3, 8 
samples from MF5, 2 samples from MF4, and 5 samples from MF2.  Conversely, 17 samples 
were split into subset ASID >=1.8195 wt% including: 3 samples from MF1, 8 samples from MF3, 
4 samples from MF4, and 2 samples from MF2.  All MF5 samples were assigned to the < 1.8195 
wt% category and all MF1 samples were assigned to the >=1.8195 wt% node.    Beneath subset 
ASID < 1.8195 wt% another decision is based on ISIM <7.352836 wt% and >= 7.352836 wt% to 
further subdivide remaining 16 samples.  Nine sampled were split into subset ISIM <7.352836 





subdivided into ISIM >=7.352836 wt% consisting of 2 samples from MF4 and 5 samples from 
MF5.  On the right side of the tree following the ASID >=1.8195 wt% branch two nodes were 
established based on BSIM <0.729007 wt% and >=0.729007 wt%.  Subset BSIM<0.729007 wt% 
contains 6 total samples of the 17 remaining including 2 samples from MF1 and 4 samples from 
MF4.  A total of 11 samples were subdivided into subset BSIM>=0.729007 wt% including 1 
sample from MF1, 8 samples from MF3 and 2 samples from MF2.   
 Satisfactory microfacies breakdown for individual categories based on three 
mineralogical values was achieved by this multivariate discrimination function analysis, 
although pure samples (terminal nodes) were not achieved.  The analysis was terminated 
“pruned” at the second level because of the small number of samples in each node.  MF1 
contained a total of 3 samples all having values of siderite >=1.8195 wt%.  Two of the three had 
chlorite60/illite40 (R=0) values <0.729007 and one sample contained a value of >=0.729007.  
MF2 contained a total of 7 samples, 5 of which had values siderite < 1.8195 wt% and 2 had 
values of siderite >=1.8195 wt%.  The remaining 5 of the siderite < 1.8195 wt% classification all 
contained values of kaolinite >= 7.352836.  On the right side of the tree the 2 remaining 
samples contained values of chlorite60/illite40 (R=0) >=0.729007.  MF3 contained a total of 9 
samples.  One sample had a value of siderite < 1.8195 wt% and the remaining 8 all had siderite 
>=1.8195 wt% values.  The solitary sample with a siderite < 1.8195 wt% value also had a 
kaolinite< 7.352836 wt%.  The remaining 8 samples with siderite values of >=1.8195 wt% all had 
chlorite60/illite40 (R=0) >=0.729007 values.  MF4 contained a total of 6 samples 4 of which 
possessed values of siderite >=1.8195 wt% and the reaming two had values of siderite <1.8195 





(R=0) <0.729007.  The 2 samples of MF4 contained values of kaolinite >=7.352836 wt%.   MF5 
contained a total of 8 samples.  All 8 samples contained values of siderite <1.8195 wt% and 
kaolinite <7.352836 wt%.  This was the only microfacies breakdown to be assigned to one of the 
terminal nodes, indicative of perfect classification.  However, the MF5 samples could not be 
separated from one of the MF3 samples.  The prospects for classification with the decision tree 
approach are promising, but more samples are necessary to see if the microfacies can be 
separated at lower branches of the tree.    
 
 
5.16 Random Forest Analysis  
 The second statistical analysis performed to assess the importance of multiple variables 
in establishing microfacies membership was a random forest analysis.  A random forest 
harvests many classification trees similar to the single one described above in order to 





categorize a distinct variable with an input vector derived from training data.  The training data 
are run through each tree within the forest yielding a distinctive classification.  An algorithm 
contained within the code employs the forest to “vote” on each randomly assembled 
classification tree and select the classification based on the democratic vote (Breiman, 2001).  
“Random forests also use the OOB (out of bag error estimate) samples to construct a different 
variable-importance measure, apparently to measure the prediction strength of each variable”  
(Freidman et al, Elements of statistical learning, 2001).  The importance of each variable is 
weighted with respect to 100%.  For discussion, variables summing to 50% or more weighted 
importance are assumed to be more important than the others.  A baseline at an important 
variable of 3 was selected for each random forests analysis to segregate the results.   
Considering variables above this line are of higher importance.  Two random forests are 
displayed in Figure 43 and 44.  Numbers listed on the vertical axis represent each variable used 
in the training set.  A table provided in Table J connecting numbers to variable names.  The 
results for individual variables exhibit contrasting and sometimes similar importance values.   
Random Forest number 1 results displayed in Figure 46 contains 10 variable above the 
50% cutoff (>3) with and has range of variable importance (>5, >= 3).  Listed on the vertical axis 
represent each variable used in the training set.  A table is provided in Table J connecting 
numbers to variable names.  Listed in order of importance from highest to lowest is Variable 15 
represents log derived siderite[ LOGSID] (>5), variable 35 represents XRD derived calcite [ACAL] 
(<5>4), variable 11 represents log calculated sonic travel time [DTCO] (<5>4), variable 34 XRD 
derived feldspar [AFELD] (<5>4), variable 16 is log derived quartz, feldspar, and mica 





derived clay percentage [LOGCLAY] (<4>=3), variable 14 is log derived pyrite [LOGPYR] (<4>=3), 
variable 21 is XRD Clay Trichlorite [ESIM] (<4>=3), and variable 29 is XRD derived 
Smectite90/illite10 (R=0) [MSIM] (=3).  Those with the four lowest scores (scoring <1), as they 
appear in order variable 7 log formation density [RHOZ] (<1), variable 39, XRD gypsum [AGYP] 
(<1), variable 36, XRD dolomite [ADOL] (<1) and variable 18, XRD chlorite60/illite40(R=0) [BSIM] 
(<1).  There are many variables with only small differences in their importance indicating that 
the associations are complex.   
Random Forest number 2 displayed in Figure 47 contains 8 variables above the 50% 
cutoff (>3) and has a range of variable importance from (>6,>=3).   Listed in order of importance 
from highest to lowest are:  variable 19 is XRD Clay Chlorite [CSIM] (>6), variable 34 is XRD 
derived feldspar [AFELD] (<5>4), variable 16 is log derived quartz, feldspar, and mica 
percentage [LOGQFM] (<4>3), variable 36 is XRD derived dolomite [ADOL] (<4>3), variable 22 is 
XRD amorphous material [FSIM] (<4>3),  variable 41 is XRD derived sulfate [ASULF] (<4>3), 
variable 15 represents log derived siderite [LOGSID] (<4>3), and variable 14 is log derived pyrite 
[LOGPYR] (<4>3).  Those with the four lowest scores (scoring<1), as they appear in order, are:  
variable 7 log formation density [RHOZ] (<1), variable 37, XRD siderite [ASID] (<1), variable 39, 
XRD gypsum [AGYP] (<1), and variable 17, XRD Mica K-depleted [ASID] (<1).   
Variables that occur twice within the top category of random forests variables are likely 
to be of greater importance for classification.  They include: variable 15, log derived siderite 
[LOGSID]; variable 34, XRD feldspar [AFELD]; variable 41, XRD sulfate [ASULF]; and variable 14, 





formation density [RHOZ](<1) and variable 39, XRD gypsum [AGYP] (<1).  They are less likely to 
be important in the classification but every variable has some contribution.   
  The random forests analyses produced a perfect agreement among microfacies input 
and those established by the analysis.  Thus each of our original facies can be separated from 
the other with the input variables supplied.  It is not possible to say that the variable 
importance exhibited here would be attained every time.  Because of the random way that 
variables are selected and the possibility that some are auto-correlated, more tests are 
desirable.  The number of input variable could also be reduced in a systematic manner to see if 
a more robust classification could be obtained. 
There are some similarities in the single tree and random forests approaches.  Siderite 
and chlorite were important in both analyses.  Each produced distinctive classifications, but the 
single tree was not as selective as the random forests.  Statistical analysis has indicated the 
importance of nuances in mineral contents and clay species per microfacies as an effective 
method of distinction. 
5.17 Seal Prediction by Sequence Stratigraphic Position 
Sequence stratigraphy is a very useful approach to classify depositional episodes and back-strip 
sedimentary basins.  Certain systems tracts were recognized and interpreted with the use of 
paleontological data and correlation of basin wide flooding events in the Santa Cruz Well.  First order 
transgressive and regressive cycles were inferred from the gamma ray log data however smaller scale 
geotectonic events (unconformities and bounding sequences) were insufficiently delineated.  





and isostasy coupled with an inability to precisely date some parasequences.  Microscale interpretation 






Figure 46: Variables 15, 35, 11, 34, 16, 41, 12, 14, 21, and 29 are all considered high 









Figure 47: Variables 19, 34, 16, 36, 22, 41, 15, and 14 are all considered high importance.  






1 CAT Microfacies 
2 DEPT Depth 
3 AE90 Resistivity 
4 AECO90 Conductivity 
5 GR Gamma Ray 
6 IPERM Permeability 
7 RHO8 Formation Density 
8 RHOZ Formation Density 
9 SP Spontaneous Potential 
10 TNPH Neutron Porosity 
11 DTCO Compressional Sonic Velocity 
12 LOGCLAY Log Clay 
13 LOGCARB Log Carbonate 
14 LOGPYR Log Pyrite 
15 LOGSID Log Siderite 
16 LOGQFM Log Quartz/Feldspar/Mica 
17 ASIM XRD  Mica K-depleted 
18 BSIM XRD chlorite60/illite40 (R=0)  
19 CSIM XRD Trichlorite 
20 DSIM XRD Mica 
21 ESIM XRD Trichlorite Fe-K depleted  
22 FSIM XRD amorphous material  
23 GSIM XRD Glauconite 
24 HSIM XRD Kaolinite  
25 ISIM XRD Kaolinite 
26 JSIM XRD Kaolinte50/Chlorite50 (R=0)  
27 KSIM XRD Glauconite70/chlorite30 (R=0)  
28 LSIM XRD Quartz 
29 MSIM XRD  Smectite90/illite10 (R=0)  
30 NSIM XRD Dismectite 
31 OSIM XRD Illite70/Nontronite30 (R=0)  
32 ACALY XRD Clay 
33 AQTZ XRD Quartz 





35 ACAL XRD Calcite 
36 ADOL XRD Dolomite 
37 ASID XRD Siderite 
38 APYR XRD Pyrite 
39 AGYP XRD Gypsum 
40 ACARB XRD Carbonate 
41 ASULF XRD Sulfate 
 





sequence stratigraphy is a coarse evaluation tool incapable of predicting finely detailed 
characteristics of specific microfabric (texture and composition) assemblages within the vertical 
succession of GOM shale sequences.  GOM salt influenced basinal architectonics has heavily 
affected stacked layered-cake sedimentary depositional sequences because of mercurial salt 
movement.  Salt tectonics is an indomitable and overriding factor controlling historical basin 
subsidence rates and thereby neglects sequence stratigraphic position as a precise predictor of 
effective sealing sequences in this well.   
5.18 Limitations 
Log measurement considerations: particular mean percentages of neutron porosity are 
overall low values considering a shaley environment, having a seeming minor effect on well logs 
due to its relative lack of extreme variability.  Although for microfacies classification a slight 
trend can be established but individual values do not collectively represent their apparent 
association.   Localized distribution of silt can influence porosity not indicative of uniform 
porosity within sample.  Core plug porosities have not been compared with total porosities 
from well logs.    Compressional interval transit time (velocity) increases with depth controlled 
compaction rate.  Reliability of velocity is partially dependent on GOM depth compaction curve 
calibration although comparison was not taken into account for this study.  Misclassifications 
and human error should be respected.           
5.19 Future Work 
• Application of this method to a basin wide study using this particular or a similar 
classification model in order to predict high seal quality and its spatial variance within a 





• Sample acquisition from more intervals within the Middle Miocene GOM region for a 
more comprehensive study and also to reduce the range of grains size distribution 
which could possibly minimize the mineralogical variability.   
• Calibration of core plug data to log data for a more precise measurement of 
petrophysical properties  
• Integrate seismic data to obtain hydrocarbon exploration advantages and minimization 
of risks associated with seal.  In particular AVO (Amplitude vs. Offset) occurrences and 
the investigation into petrophysical properties associated 
• Statistical analysis performed on non-classified or deliberately misclassified input 
samples to evaluate the possibility of the achievement of a perfect discrimination.   
• Minimize amount of scatter in training data and remove closely correlated variables 
within, such as (permeability and porosity, gamma ray and spontaneous potential) to 
reduce competitive bypass of highly distinctive variables “fighting” for superiority.  This 







CHAPTER 6. CONCLUSIONS  
 Petrophysical properties and mineralogical contents of a predicted successful shale seal 
in the Santa Cruz well have been established and distinguishing characteristics of degree of seal 
quality have been recognized that are consistent with previous studies.  Microfacies exhibiting 
high seal contain high clay mineral mean abundances, low amounts of silt, high to moderate 
bulk density and gamma ray measurements, expandable clays and illite, relative high 
abundances of pyrite, siderite and carbonate material and were deposited in hemipelagic or 
distal turbiditic environments.  Microfacies of low seal quality characteristically have higher 
amounts of silt, less clay, moderate to low bulk density and gamma ray readings, and formed in 
a relative high energy, proximal, debritic depositional environment.  Petrophysical properties 
are less effective predictors of seal quality than mineralogical characteristics in the geologic 
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